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ABSTRACT

The work investigated in this URI project is concerned with the active control of

radiated sound using advanced structural systems with fully integrated actuators and

sensors driven by realistic forms of disturbances. The overall goal was to demonstrate

active control of sound radiated from vibrating structures with a fully integrated,

practical active material including multiple actuators and sensors. This ultimately implies

addressing the requirements for realistic active structures with integrated actuators and

sensors as well as developing new sensing, control theory and design approaches so that

the active material systems can be correctly and efficiently implemented.
This report summarizes three years of research work to achieve these goals. The

work was evenly split between two main groups. The Materials Research Laboratory

(MRL) at Penn State University addressed the development and construction of a suitable

actuator system. The Vibration and Acoustics Laboratories (VAL) at Virginia Tech

focussed upon developing new approaches for radiation control, system component

development and integration and integrated system testing and demonstration. The work

essentially followed a general theme of continual component development, system

integration and testing through various phases tightly coordinated between MRL and

VAL.
The two core technologies of the project were a new air piezoceramic actuator

system conceived and developed by MRL and a new radiation control approach based

upon a continuous active skin conceived and developed by VAL.

The report describes work by MRL-PSU on developing an constructing a new

actuator called PANEL based upon using double amplification obtained from a system of

orthogonal bimorph piezoelectric elements covered with an acoustic diaphragm

configured in a flextensional type manner. The resultant PANEL source after many

iterations of analysis, development, construction and testing was found to provide

amplification ratios of around 250:1 and generate diaphragm vibration levels of the order

of 500 microns (on resonance) and 200 microns (off resonance) over a frequency range of

0 to 1500Hz. The corresponding sound pressure levels generated by the PANEL source

at 1 m ranged from 80dB at 200Hz to 90dB above 400Hz. These performance levels were

considered high enough to enable the PANEL source to be applied to a number of

practical noise problems such as interior noise in aircraft and cars as well as electrical

transformer noise and jet engine inlet noise. For applications below 200Hz, where the

performance of the PANEL falls off, a new pseudo-shear multi-layer actuator utilizing

folded multi-layer piezoelectric elements was developed and tested. The new pseudo-

shear actuator was found to have significantly enhanced very low frequency performance

below 200Hz.
The report also describes the new active noise control approach based upon

implementing an active-skin which completely covers the structure conceived by VAL-



VPI. In the VAL part of the project, multiple PANEL actuators were integrated into a

continuous skin system with independently controllable sections. A new structural
acoustic sensing approach which enable the integration of sensors directly into the skin

and yet allowed estimation of far-field sound radiation was developed and implemented

in the active skin system. New control approaches and system optimization and design

approaches were developed and used to efficiently configure and control the skin system.

New active-passive approaches, which take advantage of the system natural dynamics to
lower control authority requirements and increase robustness, were investigated. Finally

the component technologies Were integrated into an active skin approach designed to

control broadband sound radiation from a test panel. The active skin system with

integrated sensors was tested and found to provide total attenuation of the plate radiated
sound power of 7.3dB over a bandwidth from 200 to 600Hz. This bandwidth

encompasses multiple plate mode resonances. In order to handle the very low frequency
region below 200Hz a new distributed active vibration absorber was implemented and
tested. The work has demonstrated the high potential of an active skin with integrated
piezoelectric amplifier elements and structural sensors for controlling structurally

radiated sound with realistic loads.
The report is divided into two main parts. The first part summarizes work at

MRL-PSU on developing the new actuator systems. The second part describes the system
integration and testing performed at VAL-VPI. Throughout the report, reference is made
to a set of published papers which describe the project work in detail. These papers are
provided for convenience of the reader in Appendices at the end of the report.
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dispL-u==t of the middle point 3s a r~ci-on of the driving volt3-.ge. T'he dIsmlacecment of the tnid~Ie point incrws~ almost
liexrly wiffa the driving voltage. L, is expected that the dLs Iae,=nt of the middle point ca rmc about 1.Smm when the
driving vclmgz is raised to 300V (;=k-peak value) or I 10%V (tins va.lue).

~400 202

00

0 - 1.5 IS
Height of Cover ?I=--(

-.-- Disiz~e -0m ~- isvizc~ent. L=60mm
-- o-- Am=.-z**4mcn !hc=r L-50m .-- a - .A==Ucaion factr. L--Cmm=

- g5 Dsn~o- ~1 ± ~coonFnztr of te zcnie . --. Oer S , =w( -I Vo- 10ov)

yos(1) to (4) show =4-to =iidle zoint disalacn- sliculd akw-ays inc:-ose as the cov=e:Ia~ haigh is r.-sced,
so do'tes 6=-iifcaon Loto= ~oeWhen the height of-:t =Ve- :i- T.sn h fv cdn of the cover #lt
wM1 hzze- =d a. im ~ s :=dzd to pusix the coe pi==. The r-izonshi; bctweea the ;---=d fc and tip,

4h3

wher YC is Yoxing's Mo&.Ics of := C MaseriaL
(:1is piCenneectic -Owsm of =Mic Material;

w is wic!th of bi-or-h:
Sis Z~iied e!e--,c :!--*.a*

!w,-a !tr ce is neede-d. the #n distiscernset of bf7crnh wif Mce Thcrzfoe, when the height of cover pl~e
dec~senther at two c===';n ' -I whict, influen the inidede ;0i: displacmet of 'the cover plate. One is that the

middle pci= cplaceament will m!a=se xccding to the geomno = oship, so does the =pli=:ou far. Another one
is t!:= the "-; displaccment of bimosnh Will den-ose, which wfl recthan the middle point disniac=en. Themnfore, them is

o~~poin where- the =ax== vaiue of the rmiddle point. dispiac~en-t is obtained. However, the atplificaron
will ahways incz'usse when the cover ;ji= height decrses as long as the geoenicatonshin is valid.. The sifla

-;ion -,v ha==e when the dismoc- h-ween the biinorphs is c;-ed..
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Besides these two &cxr!, there is an additional I' should be considered is the buckliz- of the cover plate. If the

bucklilug Of the cove- pIa= h~"s the 3geametric relationshbip (equation (1)) will not be hold, and the middle point
diSPaLCen: or cover, plate ;nI become $=aller.

Th ~ dispiac-nent of binorb-S, the mezs=rd dis=Iac==r of the middle point, and the 1cal1laed displacament of the

m.iddle point accrdag to evarou (1) a-. presented ia Fl-. 7. The tip displacement d---== rapidly when g is below
z .omm for L - 50.0mm and 1L4' for L - 60.0ram, which reulm ia a decreae in the middle point displac~aent Wheng
is Lgm-ge-.th= 1.0mm: for L - 0:: and 1-5=m for L - 60=a, there is no buckling of the cove-plate since the onl-fate

midcag poin dismplacement is =:~y the same as the zams=-ed value. Below these values bucklingo of the cover plat oc~s.

The d=endenc: of the resc- freqaency on the 17 -h of the =vcr plat is shown in Fig.. for L - 50.0mm and
60.0==- For this amplifler ==r, the cover plate c= be c=nsidered as an effec~ve mas~ loadingr =ched on the top of the
bh==h be~s, which reduces the =~ona fequency of the bimornh bc='3 As the hei# of the cover pine d~eess and
the eg=m between bimorphs inou ses the ~efve:ý loadin of the cover plate incrass reuh in a d== of the

rtrneq±u-cy. This is cc===~ with the pe;Tefx=:I re=I

.:Cc

0

Hei~z C, :h- Czve? Fuae mm

F-. 3. Resonant Freouný of --'" Double AmrlilrSuuce

7ze -ixecaship between the dmisac--= and deqacu!is shown in Fig. 9fr L - 50-0m=. a 1.0mm. From the
cio f the do dLIsalc- of~ixnrhs. the c~zl-1-*d dlsp~iyc:em of middle Poi=t and the measured dispiac-e

f niddle PC=' is be ccnclade-ýd thatmh cover plare C= k--= its shane -.tm buckling thing~ vftzdou in the frfen~y
ge to aboouz two times of tka d=o~fruny is, the srz--=can o wocr -facveiy in the frequancy range up to

C two time of :he resonant

2.-r ~c-er sn courtd eves i if e d o nb Ie ,.trrF sduT

Based. on tile ener enml rgsu:n and anayses of the dou~ble x~jUEe soacizes, the bicmorh-besed double amplife
Nwa czns~u:ed. The dironics of the transdch=

the bic eween the bimor;in L-50=;
the h&-iii of the cover piate a* -. m
the width- of the biznorph amys 1W 6.
the he6ight of bimnorphs h -18.0r-

he. .fbr-, this nanducar con be txdo work effec~velty ap Wo 100 COO-7 which is the feU~C= =ang Ie~be
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-redzcendenc: of the drlne of the point A =~d DncinrB of the cover plate (=e F~ig. 2) an tuenc is shown in
oi 1. Due to clamping e.=e of the rwo laerl facns whbic!- r~ nade of loudspeker peap- d am inactive, and du= to the

ja:! effec: of the air rint:-!sed cbatnber of the nas~c=, the eof point Ais somesmller than thatof the
mridele ;:cint displacement of *-6 double amplifier s'cewittý the same L and - values, and the displacement of point B is

=__ie than that of point A, I=t the disniacem~ent of -6"*e czver plate is stll much k,-r than the tfp dislace-ment of
bj~crs. 7,ne height of the ;e=k in the resooant ' also beczmes weaker ad smooth due to these clarping and

zT-- ency dependence oftesound pressure level (SPT ) was preseMed in Fig 11. 7he SPL of the nearfleld =be
L=,,=-A 90dB in the fr mr ange itom S0 to 100 Hz~i =d the Lz-gesr value can reach mome tan 130dB. For the fr
Ed tihe SPL = each more tan &0dB when the zreec s zigher than 200Mz, which is saimble- for active noise connL

L=-_ SPL value can, be easily obanmed by increzsing. the wid± of the bimorph arays. Anotter ;Voaclh to &cc 1Lger SPL
value= is =o consmtrct the andcwith multi-double ni~fl= snnxr, as shown in Fig. 12

B r- =-i-based double =Hn~c sncm-e and the r's-cc based- =n this sncn=e have been comanctd and sradied in
this ~e.it was damonsn-=Ate =With relanvely low volizgp, :te dl=isniac-eae of the acdve fz- =n reach raMilIm m- scenle,

whijc:! is =or-- than ten ties !irtgz than the d; dim ac- of bk~crns. T1he sound pre~e level of the piazeleenc
be iczerthan 90"3 (a- Zeid) be.wee- -40 =IC001-z =d 80dB (&r We between 200 to IO00I~z. And the

Ian~ vlue ~reach 130dB B ecauese of =n Uzin: weig!:: =d panci szaczxt, it is -- Mfda to use this =rW
pi~~cair-zan-sdzc= n ardve aise conrL

A&S -:=It~u of the bir:-ca=s-ýed double anune i.c r r:=r~mrvene em i !aczsduccr pe:=mon ::
usitz ý-roVed raz-ý =d IMS6. -Is C :c sa~me other onJ an fors suc-, as unm~orph or
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Bimorph-based piezoelectric air acoustic transducer: model

V.D. Kugel *, Baornin Xu. Q.-M. Zhang, L.E. Cross
Matrinals Research Laborator v. -the Pennsylvania Stare University, Univerrirv Park. P4A 168O2 USA
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Abstratic

A- new %-pe of bimorph-based piezoelectric air transducer with the working frequency range of -'00-; CO l-iz has recently been developed
11B. Nu. Q. Zhang. V.D. Kugel. 1.1. Cross. Piezoelectric air transducer r for active noise control. Proc. SPE. 2717 ( 1996) 388-398 1. In the
present work, basic acoustic charactenstics of this device and its piezoelectric elýements are analyzed. To m odei the vibration spectrum of the
ta-nsc;,uc;!r. a one-dimensional aoproach is developed where inertia. -eastic arnd damping forces are inc~udea. Analytical equations describing
meczhaniczai vibrations and electncai impedance of piezoeiec::ric bimorph cantilevers under external *,orces :,re derived. [n order to describe
varous acsses in the transducer. :omolex oiezoelectric. dielectric, and eiastLic constants are used. Resuits oi:he. modeling are in good accord
with e;:x-ermental. data. The suggested model can be used tor device ootrnmiz:nion. C 1998 Eleverc:e.-ce* S.A. All nights reserved.

Kevý' oL'rsi: ?;-ezoelectricitv- Piezoe!e:c :catmducers: Bimoroh: Air acoustics

1. Introduction elcrcbimorph cantilevers. rederived. In Section ~!.cal-
cuiation of various forces ;a~~ n the transducer ;is carred

Piezeietri cermic ofer mny dvatage assenors out. Results of the device -ccaiina and comparison with
ana c~zors.Reltivly hgh ceficiet o elctroechn- x~ermental data are mrsented in Section 5. Finally, in

icati -ZOu-iing makes it possible :o use the material in ultra- Scin6asmayad~r.isosaelvn
sonic dlcsand twevetes. However, in low frequency
aociica::ons such as air acoustics. a larger displacement IS
often -,-,uired. which is far bey ond the range reachable by 2. Model
ceamics m~aterials. In order to ove-come this problem. a new
type or *:i morph-based piezoeieczric transducer has recently Tne piezoelectric transducer :o be analyzed consists of
beten suý--ested ([11. The main ceculiarity of this device is two arrays of piezoelectric icrhcantilevers bridged by a
that hruha double amplification scheme a large displace- curv-ed diaphragm (Fig. I)~: inac:ive lateral faces are covered
ment can be generated which makes it suitable for acoustic with non-radiating plates. The diaphragm serves for acoustic
acoiic--t:ons at low frequency such as from 200 to 1000 Hz. matching: it amplifies the :ip .-ispiacement of the cantilevers
it has betri demonstrated that the device can produce a sound and it ;increases the sound-em itting area. The amplification
pressure le of 90-100 dB which makes this device very fac-or K.,,, is defined as the, rtio of the displacement of the

tta:'efor active noise control and a flat panel acoustic diaphragm apex Tj to the :io displacement of the bimorph
source .. cantilever 77( 1), where I is the cantilever length (Fig. 1). A

Tlhe :urpose of this study was to develop a model capable tydicL amplification factor les in the range of 5 to 20. In a
or cnarac=erizing, the vibration behavior and structure-per- cui I-nE design. the bimorphs are made from soft piezoelectric
forrnancz relationship of this transducer. The paper is sr~ruc- ceramics PZT5H (Morgan Matroc) and aloudspeaker paper
tured as f.ollows. In Section 2. an approach that will be used is used as a triangular-shaced diaphragm. Experimental
to describe this bimorph-based piezoelectric air transducer results demonstrated that. if the amplification factor is less
is discussed. In Section 3. analytical equations. describing than 10 and the length of the iiaohram I is less than 50 mm.
mechianical vibrations and the electrical impedance of piezo- the diaphragm can be considered as a rigid plate without

________buckling at frequencies below 300-1000 Hz. Therefore. for
-C.)rres:cnding author. Present address: Intel Israel (.74),.Mva'i Stop MDC- calculating vibrations of the diachragmn the quantities to be

,C. P.O. Box 1659. Haifa 3 1015M Israel. evaluiated are: the displacement of the moving end of the

09:..:- 99,'S - see front matter ,' 190S Elsevier Science S.A. All rights re-sen-ed.
pit z-'19 ~( 98 100100.9
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Fi, that is created by the motion of the mass of the diaphragm.
elastic forces Fe, that are caused by stiffness of the air enclosed

Diaph . in the cabinet and the stiffness of hinges. The last force is the
air damping force. F,, caused by the acoustic radiation. The
force diagram is shown in Fig. 2 where R, and R, are the
reaction forces and F,,,, is the force generated by the bimorph
cantilever, which drives the diaphragm. Introducing F,.,
makes it possible to separately analyze vibrations of the

IL [bimorph cantileVer and the motion of the diaphragm. In the
model. it is assumed that the hinges for the diaphragm fas-

2h tening generate an elastic force only.

Sinrmh3. Analysis of piezoelectric bimorph cantilever
Fig. L. Schematic view of bimorph-based piezoelectric air transducer with To define bending vibrations of the piezoelectric bimorph

double .impiincatso. cantilever, the equations describing vibrations of the neutral

surface -7 of the vibrating beam are used (2]. In the case of

cantilevers and the amplification factor. It is clear that the the piezoelectric beam. the neutral surface is defined in such

interaction between the diaphragm and piezoelectric elements a way that any extension strain, even if allowed to exist there.

is through the forces acting in hinges for the diaphragm doesnotcontributeabendingmoment (].Foruniformsym-
fastening t Fig. 1). We will assume that the transducer is metric bimorphs ( in which the thicknesses of two piezoelec-

constructed in such a way that in the working range of fre- tric plates are equal), the neutral surface coincides with the
cuencies the load produced by the diaphragm acts evenly plane of symmetry. which is perpendicuiarto the Zaxis (Fig.

along piezoelecnic driving elements of both arrays. i.e.. force .'). The equations for bending of uniform symmetric piezo-

variation dturouzh piezoelectric arrays is neglected. We also electric bimor.i'i beams with rectanguiar cross-section can be

will assume ,hat both arrays are equivalent. Under these con- written as Fig. 2)

ditions. vibrations of the transducer can be analyzed from a S: =-:-=., .~n.•ac~dstrain of the neut.r'ai :ta,'ne ;e-ScnSbin.• bending [2l,
one-dimensional model..Moreover, because of the symmetry, - -
it is enough to consider a single piezoelectric element with
the corresponding part of the diaphragm (Fig. 2).

In general. a vibratinz diaohragm generates several types E,- L,<: s;i 2 C d simor .% i:arileI connecuon.
of mechanical .orces acting on the bimorvh: an inertia force

E ---. a -t_" O
A

R,

where S. is the mechanical strain along the Y axis. s; is the
mechanical compliance. T, is the mechanical stress. d.•z is the

piezoelectric coefficient. E is the electric ield across the sam-
ple. U is the applied voltage, and 1'1 is the bimorph thickness.
A coordinate system XYZis chosen such that this plane passes
through : = 0 and the bimorph cantilever is clamped at y = 0

IF,. Z (Fg1) . The translation force F, that causes the displacmen
- xof the neutral plane in the Z direction t.Fig. 2) is [(2]

FF,= ---- ay (2)
ov

where F, is the internal shear force along the Z axis (21:

Z F.=- (3)Sfly

where M is the internal bending moment along the X axis:
Fig. . Diagram of -."e forces included in one-dimensional model. P denotes
the vec:or or -contaneous polarization in the piezoelectric bimorph M_=- ]j 1:T dz (4)
zantilever. 

cro ..., r on
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By using Eqs. (2) and (3) the law of linear momentum 3 dU. 3(cosh(Al, Sc' - "
conservation. i.e.. I Z : h: 2 -c--

a Z,, Z I +Coshf[A]CostAXl

F, =p( 2_hw)v) - (5) X (.oshfkyl -cos,(yl)at- 3 d,t,U. 3 sFT',
where p is the density of the bimorph. w is the width of the t3: •(-sinh[tl +Sin(A1) -3 F-(cosh(xt]+¢os(l)

bimorph beam. and 2hw is the area of the cross-section of the - A-

bimorph. can be written as . I hos-Afl(COS[A(]

× (sin ,(.YJ -sin[,k.l) (12)

- ,y- =p(-2w) (6) The resonant frequency P,, which is determined from zero

"value of the denominator in Eq. (12), coincides with the
Substitution of T, from set (1) into Eq. (4) yields resonant frequency of a free piezoelectric cantilever.

2whs3 T7 Uwhd,. (7) cosh[AIlcos(AI]=-1 (13).M= (7)--

-r "" fIn the low-frequency limit (I--0) Eq. (12) may be rewrit-

Thus. one can see that in the case of the symmetrical bimorph ten as

beam the external electric tension generates a pure bending (vy) sfF' (:-3 -6/y2)
moment only. Substituting this expression into Eq. (6) gives 77m - 3d,.Um . (14)

2h w (2k) 3

a-7'7 3s57--: (8) In most practical cases the external force F., acting at theayv ha r" dvibrating end of the piezoelecric cantilever (y = 1) is a corn-

To find a solution of Eq. (8) the following boundary condi- bination of linear damping, inertia, and elastic forces. For
"to so s 1harmonic driving voltage Ue,' applied to the cantilever

these forces can be expressed by

Y=0 7=70: 0 F.ý, = K77m(/) (15)
OV

where K is a complex coefficient. As will be shown later, this
S h> Ua. =M'.77 coer•cient is directly related :o the mass (inertia forces).

av . ' _ "spring constant (elastic forces). and damping coefficient
"(damping torces) associated witi' the applied external force.

n / FCx Substitution of the force amtiftude from Eq. (15) into Eq.

I-',, oroduces at v =l

where .. , is thex component of the external angularmomen- " - . -

turn applied at y - land F,. is the: component of the external
force acting at the vibrating end of the cantilever. In our X
derivations, the effect of forces acting along Y and X axes .V( I-cosh[Alcos[Al)-
was neglected. Before proceeding further with calculations
of force F_ for the transducer under consideration, a general (16)
expression for vibrations of the piezoelectric bimorph canti- By using Eqs. (12). (15) and 16). a general expression for
lever under the applied voltage and external forces will be
derived. If the harmonic electric voltage U= UmejQO and

external forces F,, = Fxe "" applied to the cantilever are lin- ,, I_
ear functions of the displacement. the displacement of the -

cantilever can be written as 77= 7, ej"s where &w is the angular s
A (cosh( All -cos(Al]) - - ;-,-sinh(Vl] -sin(Al1)frequency. Therefore. Eq. (8) can be written as .

-a r 1•' !L anAli(l -- oshhM(os[M]os[Al-
a-7 l -cs(AlosA " "Z : . 'r, s(a!sn l -sm ,/cs l" " A" -- ,• .= 0 ( 1 0 ) *

3 d,.U"
X :cosnfAv! -cos(Avi ) + -where 4 A"

4 _______ A'( -sinh(AlI + sin.A/l) - - -cosh .. l -cos(A/I)'A ' = h-"cosh I ) :
3 s-•-K

A( -"cosht(Alcos[A/ll) - c• oso(Ailsin(Al1 -sinh(A/lcos ! All)
The solution of Eq. (10) with boundary conditions given by
Eq. (9) is xsn (A.l -sin(A~v) (17)
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Eq. (17) reveals that the external force of the type (Eq. (15) ) and the electrical admittance of the bimorph using boundary
changes the resonant characteristics of the vibrating cantile- conditions aty = 0 (Eq. (9)) is
ver. If the piezoelectric material has no losses and the external dT f

force does not tend to damp vibrations of the bimorph can- Y =jW 21 hw TI (1_33
tilever, i.e.. K is real. the resonant frequencies may be cal- S Y:_ :y=- I ]

culated from the following equation -;
3sfK (E3 (h) -E 3 (-h))dxdv I

A3( 1 +cosh[(Allcos[(A]) - --•'(cosh([flsin(Ahl] X f. U
2 ;h' Iectrm~e surface

- sinh[All cos rAi) =0 (18) (25)

Apparently. the amplitude of the tip displacement is equal to Using Eqs. ( 1). (17) and (25) one obtains
zero when sin(hl) =0 and the value of the corresponding 3

frequency does not depend on external loading. It can also be Y'-WZ11Vk,- L --

shown that the lowest frequency of the zero vibrations is about
2.8 times higher than the fundamental frequency of bending .osh(AlIsinf Adl -"sinhfAllcosf All -B(coshfllcos(,ll - 1)
vibrations of unloaded cantilever (4]. In the low-frequency I t-osn[,Ul Ios(, B I 3(cosh(Ahlsinf,Ul -sinm[AlcoIs(Al I)
limit. Eq. (16) may be written as 3 s-

3 dS-,U _ _ - (26)

m(1) K ( s,0 (19)2 "- At frequencies far below the fundamental bending resonance
wh3  and without applied external force (K=0). the expression in

parentheses in Eq. (26) reduces to s2"3 [1÷(1/2)(d3Z2
where K(0) is the low-frequency value of the force coeffi- re neses in rE. (6reducers t f olows (1 om

cien (Eq (15). 6T~sf.;].T'erefore. for PKI550 ceramics. as follows fromciet (q. I5 ).Table 2. "he corresponding impedance should increase by
To calculate the electrical impedance of the piezoelectric Tb .as cmared ih o imanersol increase

bimorph cantilever we will start with the piezoelectric con- dimensions. Instead or that, the expertmental value tor the

stitutive equations: bimoroh su'ucnare was by 6-8% lower than that for the bulk
S5' = S-_ T, -7materiai. -he reason for this is that in the theoretical calcu-

-h <:: < h (20) lations an aporoximate electric field (ES. ) ) was used and
l.D=d-, T. - .3E, the effec: of bending along the X axis (Fi,. 2) was not taken

where D3 is die component of electric displacement alongthe into account.
Zaxis. Using the first equation in set (l) and Eq. (20). one
obtains 4. Calculation of vibrations of the piezoelectric

a,: (21 cantilever loaded with the diaphragmD, .o'Ta: •:6__ 3 L E- 3 t: (21)

To evaluate vibrations of the piezoelectric cantilever
Total charge on the surfaces of the bimorph (= •-h). Q,, loaded with diaphragm (Figs. I and) by meansofEq. (16).
can be written as 15]: the external mechanical force F,, acting on the vibrating end

Cf" (7 of the cantilever along the Z axis should be determined
-D(h)dS+ ., D(-h)dS (forces ac:ing olong the Yaxis are neglec,.ed). This force may

" •iecrroe =u=a~ CICCKe se be calculated using the laws of angular and linear momentum

(22) conservation [6] for the diaphragm:

Substituting Eq. (21) into Eq. (22) gives rx (R, - R, - F• + F,) + r rx FV

d32 67 a77 diapragm

av 0 ) .6f rXvmdS= f (rxp F)dV
. 07. f rf d~Sd

( -dapnragm diaphrag n
_33 _ (E3 (h) -E3 ( -h) )dxdy

eIecttrxe surface

etr-(23) R "-'R: -F Ph +Fel+ f FindV- f F-imdS

Electrical current through the bimorph can be written as diaphragm dapnragm

Sd
dQ, = pdvdV (27)

(24) dr j1 tdWQ
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where v(r) is the diaphragm velocity. Assuming tharthe dc I d7(
thickness of the diaphragm is small with respect to its lengtll. ' -- -d hd (31)
volume integmals in Eq. (27) can be transformed to surface _Ld

integrals. The air damping force (surface density) Fd, can KMp-- h
be written as [7]:

Fd,,=-kv (28) The displacement of the diaphrazm apex 77d is

where k., is the damping coefficient depending on the shape r±=Kýamp7r(I) (32)

of the transducer (it is directly related to the acoustic impe- We also assume that the elastic force is linear:
dance of the transducer [71). By substituting various quan-
tides. the set of Eq. (27) in X'YZ' coordinate system can be Fi=- ksp,7?(l) (33)

transformed to where k,, is the equivalent spring constant of the air enclosed

wL2 d x in the cabinet and hinges (Fig. 1). Thus, as follows from Eqs.
F -F4: - R1 j k2 sin 2 - (-30)-(33), F.x can be expressed as:

dd LO F _' F. I (K kwd7..dd~_'',pI--- -cos I Z' axis 3 di., d2!= - -L sinL" "J "" m , K3 m •. L d dWL.

-d(1 
(34)

R,- P:,,-..--cos =p Since. for harmonic excitation. the tip displacement of the
" " bimorph cantilever can be written as 7rej"', Eq. (34) can be

td 2w inF dx Y ai rewritten as:p - cos w-- sn -- IY axis
= • -i LUt.J YF

F.d-t2• 2r "F. ~ •,3~'(kw•

• Pi. "vL• do
R, sin ,: cos .w+-- -cos -: 6k, (

.w6d -ddtwLdW:)-k,3
S- ,. -- 6 d-6 X' axis (29) The first term in Eq. (35) produces constant deflection only:

where P., :s the weight of one half of the diaphragm with the thero it can be neglectedin calculations of the spectrum
of vibrations. In comparing Eas. ( 15) and (35). one can findwidth wv. and ;; is the angie benveen the diaphragm and Z'
coefr cient K in the expression of :he tip displacement ( Eq.

axis (Fig. 2). From the set of Eq. (Z9) one can solve for the IT i
magrnirude of F,. acting along the Z axis:

F., 1 dc K=- (i K2,,(k: wLjw-:;L )+k! (36)
;).n~z +k~wL ;- 1 i p d~P)j

-3 sin ý;dr
S , I d' "Thus. vibrations of the bimorch cantilever and diaphragm

- " wL F. can 3-.e calculated by means of Eqs. (11). (16), (32). and

Fpus-=-kF•USh (30)

where k is the unit vector along the Z axis. The right-hand s. Results of modeling
side of the first equation in Eq. (30) is the external force F..
acting at :he moving end of the bimorph cantilever parallel The strategy in calculating the spectrum of the diaphragm
to the Z axis since, according to Newton's third law, vibrations was as follows. Initially, the electromechanical

--- =-F_, and the Z and Z' axes coincide. Clearly, the properties of the piezoelectric bimorphs were determined by
externai force F,2 is a non-linear one in a general case since experimentally studying charac:eistics of the ceramics and
ctnc and sinq are non-linear functions of 9 and. hence. dis- vibration spectrum of unloaded piezoelectric bimorph canti-
placement -7' For an air acoustic transducer it is desirable to levers. Then, these data were used to calculate the vibrations
work in a linear regime when the amplitude of the diaphragm of the cantilevers loaded with the diaphragm. Since the equiv-
vibration is much smaller than the diaphragm height hd (Fig. aent spring constant k of he air enclosed in the cabinet
1). In this case: aetsrn osatk,,o h i nlsdi h aie

and hinges was unknown, its value was determined experi-
I L~ amentaily by measuring the diaphragm vibrations at low

ctn sin frequencies under the assumption that k,, is frequency inde-
pendent. As follows from Eqs. (19), (32) and (36). the
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magnitude of low-frequency vibrations of the diaphragm 1

apex is directly related to the spring constant:

(i'00 E=0.71kV/cm
Tla -d-:U (37) "

Wkh -I -- m

To determine the damping coefficient k-,. it was assumed that
the vibrating diaphragm behaves as a baffled piston [7]: U

kv=2Pair.:aa { [2_r'] 2  .16 (38) LS. [-.--ool +JI

where Pair is the air density, caw is the sound velocity in the
air. v is the f'requency. and r, is the equivalent radius of the
transducer diaohragm with the area A = 2LV+d, r..q = .A6'3. 10

Thus. the procedure described above made it possible to 0 2 00 D

determine all parameters essential for calculating the vibra- Frequency (1z)

tion soeca-am of the transducer. Characteristics of the dia- .Specmoemechanicalvibrionsoiunioadedpiezoelecbimorph• eancilever.

phragm and piezoelectric bimorph cantilevers used in the
transducer are -iven in Table I [ I]. It is important to note conditions K= 0 (the unloaded bimomh) and 0+,0,-0 (low
that comeiex piezoelectric. dielectric. and elastic constants losses) transforms to:
of the ceramics used in the bimorph cantilevers should be
determined .or ncluding losses in the piezoelectric elements. r -

Soft oiezoe;ecaic ceramics were used -or the bimorph fab- - h~IAI)
rication 1c;. is known that electromechanical properties of
these tie:'eiect-c bimoroh cantilevers re highly dependent - sinAll -jAll -(coshna'i':.u' -sinhlIlcosiAll)

on the ma.-i"'de of the applied elec:ric 4ieid (3]. Calculated X

electromecharical coefficients of PZT;H ceramics using dam •c, A cosi lAll jiAl (cosh .u ;L; .V! - sinhlAll cos I l)

of Refs. ;'S.A" for the eiecric field E=0.71 kV/cm rms are
shown in Tzcie . Frequency disoersion of these coefficients (39)
was ne,;ec:ed in the device modeling since it was not signif- where 9. is the phase of the piezceiewcc coefficient d,3 and
icant in -"-e .recuencv range of interest. The calculated an At
vibration .,ec:'um of the unloaded irimorph cantilever is 6, is ,he phase of the mechanic:2 -omriiance s;_ At the

"shown in F5 =. 3. The resonant frequency. at 0.71 kV/cm was frndame-tal frequencyofbendinp-ibmt ns (AL= 1.875),

v.= 104-" Hz and the mechanical qualiiy factor was Q.= E. (39) lives:
10.1.. At .eectric fields (E<0.01 kV/cm) the corre- 0 0389e .,
sponding :arameters v,= 1167 and Q,=55 were the same r-- ( ) 3= 3 (rd4.)

as the ex"ermertal data [I]. It shouid be noted that the
vibration -. ciitude at the resonance and. consequently. Qm, Thus. the amplitude of the resonant -dislacement of the
depend on :he mechanical losses. Using notations d3, = unloaded cantilever is inversely prcportional to the phase of
d:,e-- .and s- ls-: e-I, and Eq. t. I 1. Eq. (16) under the mechanical compliance.

Table
Diaonrpg.•.. •a'gm •or~ h cantilever charac:en.sc,:s

Par"ameters cl".e 'oudspeaker paper diaphragm Dimensions of the :ie:c,,c bimorph cantilevers

h, " m) L, from) w4 rmI td (mM) P1 I (mm) w 2h. (mm)

2.3 63 0.59 0.5 18 is i.0

Tabie 2
Masnituce 'af e:=:omechanical coefficients of ?7PZ7;H for E=0.71 kV/cm

J, .-.: ; miSV) 5f (ma/N)

33 0 -0- :(0.996-4.).091j) 30.3 X 10 -'2(0.996-0.033J)
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The calculated vibration spectrumt of the diaphragm apex
is shown in. Fig. 4. The magnitude of the equivalent spring experiment .E=0.71 kVlcm
ConStanit (N/rn) shown in Fig. 4 is for the width of the part soa model: -

of the diao hragm w driven by one bimorph (w=5 mm). kw.=950O(O.9l6+0.4J) I
Clearly, at the low loss limit the value of the resonance Eso oel *-

quency derived from the model does not depend on the losses k90
of the equivalenE spring constant and it reproduces the exper-.S
imerital values v, = 550 Hz. Nevertheless, only complex A;.. 400

can dE the amplitude of the diaphragm vibrations at the res- 104

onance. Thiese results indicate that thie -elastic force caused by 12
hinees and the air enclosed in the cabinet has losses. Thus, / *

the model developed is capable of describing basic charac- 0

teristics of the vibration spectrum of the transducer. . 6so
As seen from Fig. 4, the width of the experimental peak is I .*. ~ 6

narrower than that of the theoretical ones.MTis may be caused 30 -0

by an increase in the amplification factor of the diaphragm
(Ea. (3Z')) around the resonant frequency that was observed 0 200 400 500 800 1000

excerimen~~tally. Nonlinear dependence of electromechanical Frequency (Hz)
properties on the level of vibrations may be another reason Fig. -. Comlparison between experimental and theoretical magnitudes of the
for this discrepancy. The data of Fig. 4 show that the model vibrarions or the diaphragm apex.
does niot _4.Scribe the minimum in the diaphragm vibr-ations
obse-ved -ear 300 Hz. An dxcerimental study of the fre-
Quency z'ece-ndence of the amolification factor K,,,, of the 2o -n

diaciur=-, shows that the diaphra~rn has its own bending
-es~onance near this frequency. i..it does not keep its shape, IS-
Another "..-or that can affect the diaohrazrn vibrations at
nizh trcuencies is losses in the hinzes. o.......

The mcCa dei developed makes it cossibleto analyze mechan-
;cal vibrataons and sound pressure generatedby the transducer
:or vancus dimnensions of the -diaphragm and piezoelectric -- .

telement.s. Vibration characteristics and on-axis sound pres- 100
sure at zne dilstance r= I mn for different thicknesses -'A of ;0-
cantilever-s and E = 0.71 kV/cm are shown in Fiz. 5. A corn-....
piex vaiue of the springy constant i 9500(0.916 - 0.41j) ,

N N/r m vas -used in the modeling. The sound pressure pof the W5It
tansduczr was calculated assuminz that the transducer so 0.5.m
behaves as a baffled piston [71: 4- X....Im

7' --. 5 mm
-30- /rt

- 0fi(10 200 400 AM a 100 0

-Dueýms fte iprg Frequency (Hz)
whr : s th vrg mltd rs ftedaham Fig. 5.Theoretical diaphragm vibrations and on-axis sound pressure at the

vibrations. --7 0.5 TN The calculated value of the sound pres- distace r- I ra under electric deied E=).71kV/crn rms for different thick-

sure -or ... =14 mmn is close to the experimental one ( 11. It nse rauees
should '-e noted that the results of the model (Fig. 5) ar and Without non-radiating plateas covering inactive sides).

yalt ma ine zvenequvalnt srin costat oly.As een Assuming that the spring constant and air-damping coeffi-
fro Fi. 5 th opima vaue f te bmorh tickessli~ cient in.thfis structure are equal :o zero. Eq. ( 18), using Eqs.

between ! and 1.5 mm. Clearly, the sound pressure developed (11) a Ind ( 36), reduces to
by the TranSducer sharply decreases below 300 Hz. Data of
Fig. .5 show that the resonant frequency of the transducer is A3 F -1oha o~]-!jm ~oha i(a
hizhi': decendent on the thickness of piezoelectric elements. 3 ohacsa m

T~he nncdei develope~d also makes it possible to analyze
the c-n-nSZ :n the resonant frequency of a double-amplifying ot1 l (2
struc ure 1.The structure consists or two piezoelectric
bimorch =antlevers bridged by a triangular diaphragm (as
in the air :.ransducer but much narrowver in the x direction where a=V .Md = Ldtdivpd is zhe mass of one half of the
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7o_ 7. Nomenclature

* experimentfl.
-model

0 hd height of the diaphragm apex
"Soo - 2Lý length of the diaphragm

"Wd width of the diaphragm
U 400 td thickness of the diaphragm

77 • "displacement of the diaphragm apex
30• d average displacement of the diaphragm

SPd density of the diaohra-m
0 7o - md mass of the part of diaphra•'m acting on

piezoelectric bimorph cantilever
100 - 2h thickness of piezoelectric bimorph cantilever

I length of the piezoelectric bimorph cantilever
0 w width of piezoelectric bimorph cantilever

0 1 2 3 ' 5 6 T? displacement of the neutral plane of the
Height of the Diaphragm h• (mm) piezoelectric bimorph cantilever

Fig. 6. Theoretieal and experimental dependences of the fundamental reso- 77M amplitude of the displacement of the neutral
'annce on the neight of the diaphragm apex in the double-ampiifying struc- plane of the piezoeiectric bimorph cantilever
rure. Mateniai of the piezoelectric bimomrhs: soft piezoelectric ceramicsY'0HD Mooroa)."r7 amplitude of the displace-ment of the neutral
:03HD MOotoria).

plane of the piezoeiectlic bimorph cantilever

diaphragm with the width w and m = .hiwp is the mass of the at resonance

piezoelectric cantilever. As follows from Ea. ( 11), the value P density of the piezoeiec:ric bimorph
" ~cantilever

a obtained from Eq. (42) is directly related to the resonant

frequency of :he double-amplifying structure. m mass of the piezoeiectrc bimorph cantilever
s., Y component of the mechanical compliance of

a: h I the piezoelectric bimorrh cantilever
(43) da piezoelectric coefrcicent along the Y axis

" Sr P" ,;d phase angle of the Oiezoe!ectric coefficient d,.

Results of modeling and experimentai data for the structure phase angle of the mechanical compliance s4
I.. wave coefficient d.Sc.. bin. bendingwith _h = I mm. w = 7 mm. l = 20 mm. ,n = 1.092 g. Ld = ws5vibrations Of the p-iezoeiectric bimorphmm. and m- = 0.057 g are given in Fig. 5. As seen from Fig. vatio ftee

mm an in. cantilever
6. Eq. (13 d) escribes experimental dam for the apex height ang
above 1.5 -rm. Below this height the :hickness of the dia- 1ular frequency
phragvr. :. = 0.59 mm. becomes comparable with the height "" h fudmna fra,,u..ncy of bendina
of the diahr-g-m apex that can increase the contribution of virthe fundamental fonc of bedn
elastic forces and bending moments in the hinges. anle between the diashra~m and Z' axis

j imaginary unit
r distance between the sound source and the

6. Conclusions measurement point
equivalent radius of the diaphragm

Ci sound velocity in the air
In this work. a model describing basic acoustic character- k., air damping coerficient

istics of the bimorph-based piezoelectric transducer (1] has p•ir density of the air
been deveioped. A one-dimensional approach was suggested p sound pressure
in which inertia, elastic and damping forces are included. As a coefficient determining the resonant
an integral part of this model, analytical equations describing frequency of the loaded piezoelectric bimorph
the spectrum of mechanical vibrations and electrical impe- cantilever
dance of piezoelectric bimorph cantilevers under external k/,, equivalent spring constant
forces were derived. In the model. complex electromechani- r time
cal parameters of the transducer were used to include losses x, y, Z rectangular Cartesian coordinates
in the transducer. Results of modeling and experimental data k unit vector along the Z axis
are in good agreement. The model can be used for optimi- r radius-vector in the XTZ' coordinate system
zation of the acoustic characteristics of the transducer. v diaphragm velocity
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xyZ. x' z'' Cartesian coordinate systems 7. (7] D.E. Hail. Basic Acoustics, Harper& Row.New York. 19 87 .pp. 161-

A area of the diaphragm 182. Z32-235. 262-268.

electrical field along the Z axis [s) V.D. Kugel. Q.M. Zhang. B. Xu. Q.-M. Wang, S. Chandran. L.E.
Cross. Behavior of Piezoelectric Actuators under High Electric Field.

D3  electric displacement along the Z axis Proceedings of 10th IEEE InternaUonal Symposium on Applications

I electrical current through the piezoelectric of Ferroelectrics. IM Catalog No. 96CH35948. 1996. pp. 655-658.

bimorph cantilever (91 V.D. Kugel. L.E. Cross. Behavior of soft piezoelectric ceramic under
iamplification factor of the diaphragm igh sinusoidal electric ields. subrrmtted to 1. Appl. Phys.. 1997.

Q. total electric charge on surfaces of the
piezoelectric bimorph cantilever Biogrphies

S, mechanical strain along the Y axis

U voltage across the piezoelectric bimorph Valet. D. Kugel received his MSc degree in EE from Riga
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Proceedings of 10th IEEE International Symposium on
A UPliaL ion.,of Ferrmelec tric ,27, •.6).ptimization o morpn •asea Oube Amplifier Actuator

under Quisistatic Situation

Baornin Xu, Q. M. Zhang, V. D. Kugel, Qingming Wang, L. E. Cmoss

Materials Rese•rch Labcrarory, Pennsylvania State University, University Park, PA 16802

Abstract - Bimorph based double amplifier actuator
is a new type of piezoelectric actuation structure
which combines both bending and flextensional
amplification concepts. As a result. the
displacement of the actuator can be more than ten
times larger than the tip displatement of bimorphs
and can be used in air acoustic transducers as an
actuation element. This paper studied the
dependence of displacement on actuator parameters
and optimum design issues for the cover plate (the
flextensional part of the actuator) theoretically and 3, int Am

experimentally.

L 24TRODtJC-ON I

How to ge: "arger displaceme:ts is always a main =I y, I
objec==ve .n =.c :e%'opmenr of tansducer -
ac:uator devces. 3.1ice the direct ex-Mnsioral strain in most 0amAoO-D .'.eI

niezoci.. ::z.iz marEgais is at best a .-w tenths of one
pe==nr. .---s of enhancing or amplifying the
dis•iace:ec: :s • r.stial in many device desig s I].

•c ...... aye. ype acuators. which enhance. the
dis-laceme=: -v -n ="ec: dimension p. -resently there e 1. 32viudon of piezoelectrc c with lager displace
twow" e extnsional st.an or piezec'ic

"matnals[Z]. COn: is o make use of bending amplification
mechanis=. wh*-:i :eatei. to the develcopment of bimorph type (f m d=• ',.-=
actuators. way is the utilt=icn of flextentional -. .
ampiificacrscn--me. which leads to the development of•,. to•,". deelonentof ••-•. tip point

fiex--nsicrnal tasd~cers widely used in urderwarEa acoustics, ........................-
moons: and - - :torC31.

Rec.::!y, we :.resented a new kind of piezoelectc
ac:uatocn s-': :.axed bimorph based double arnplifier(4], . . .
because it --- ;-e :,nsid-das the combination of bending-
type ac:uarcr-s i-n- :ex:ensional elements, as shown in Fig. 1. U ! gioft coveplat I hbigdmoohs

As a reui d-e -jiacement of the new acvator can be more t: si..•c-=of'bimarphs a n Ziu.•.moffmveplue

than ten dues "a.--tr- than the tip dispiacement of bimorphs,
and can -e usec -..n air acoustic transduc:"s as an actuation
clement, gems :s tical analyses have been given earlier 5]. The basic configuration of bimorh based double amplifier
In this wcrk. th- ,•spiacement of the actuator is studied in is shown in. Fg. 2. The structure mainly consists of two
detail, with em~hzsis on the optimum dimension design of paraelle-mounted bimorphs with a trangle shaped cover plate
the cover :ilatecf n actuator.

as an acive diaphragm fixed on the to of the bimorphs.
f. ?.YC"-L_ .A.ND TI , .TAL L S gher dis••iacment is achieved by converting the tip

displa.=-ment of bimorphs to the motion of the cover plate.
Since one of the objective of the acuacor is to work in air

ThLis work "#.s :::, by U-e Office of NavaL Rescarclh under the acous tric s.ducers as an actuation element, loudspeaker
cont."--": No. N• ,-•4-0i.4.



paper is chcsen as cover plate material in this work beoau=se
of its excllernt mechanical-acoustic property and light weight.

The r-eltionship between displacement of the cover pla."
(middle point) and actuator parameter- is explained below: as ................
shownx in Fg 3, letters A, B, and C rer snt the joint parts• ::€• •a
of the cover. plate, which are called as hinge regions.
shone •iny. rlet deformation of the cover plate can beb (4:J68

consitdi= to concentrate in these hinge regions. When a
displac=me=r of the cover plate is generated, moments will be

inuczd in tizese hinge regions due to the deformation, whilch :.M,
will balana the moments produed by the bimorphs -. ....
The."-foar, the motion of the cover plate is totation-domnated (b) After& £. p1-a

and can be - ted as two rigid beams conected by a torsional
spring at the middle point. When a voltage V is applied to the

bimorphs. a tip displacement A and fore- F ame geemmted,
which in mrn produces a displac.-meat * at the middle point ..... F
of the cover plate and induces a moment M in the torsional M" M,-Mc

spring due to the displacemenr. From the geomenic (c) Rigid b=m

consideradocn. it can be found that:
Fg. 3. RUid-beam model for mrodomaeind cover pLae minon

a =a- a. + L• ÷., --aq I

M = MA +M 3 +Mc
The morn=: baance equation is: = (IIR -I/I )-2.'(II R -1IRe)

"(a.F- + = M = k.- 2. 'e: - 80) B=- e, - = 9- ) / b
=-" '=(at - 9g) I b

or -a )= k(G1 - e) - k. -)r-L (2)

Since is =uch smaller than L. k in equation 2) is the wi== B is the Young's modulus of the cover plate matrial
spring oc.s---. " ,has been known :th'f6]: and is a.,-= moment of ineta of no-ss section of the hinge

regin.o Cc, pare to equation (2) we get the spring consa=t
t'w

- -~(0-)( ~ k=2i (5)

wher w is th- width and s2 is the -;asti- complianc: of the1 71.1s te."• ,hat k just depends on "-6: propendes of the =ver
piezo,,elee.ni: =ae:'ial, Ao is the cip di.placement under frtm •cie al. Substituting equations (3) and (5) in equation

condition.. (2) "=di=) yle.-C:

A1 = 3d3IV(hI t): (4) Ca (Ao - A)(a. += (^-/ b)" (24 1 L) (6)

if parallel 7f-e :r-Lnorph is used.
e a eci aet= torsional spring constantkFrom equations (1), (6) and (4), the de-ende=ce of A andThe ecc---:valent torsional spring co.nstat k canrt "b"

detemie I= --his way: Suppose the original length of te aon the actuator pararmeters and driving voltage can be
z-: a.' wand iiSualsose th.e e ine length of the obtained., so that optimition on actuator design can be

hinge regc. . and it is also te neutra line length of te nd'uctd. However, the analysis is rather complicated
defcrmaticn -.-- RA, R. and Rc are the elastic curvatur trdu b the relationship betwee A and • is nonlinea"
at hinge reicrs A. B, and C respec•ive!y. From Fig. 3 vm aeca-rtng tho equation (I).

can g-' Considering a simple situation, that is, if L- A << a;, we

R9., = Re.; b b/ , and R,., - b(A: tann81), i = 0, 1 Zzg-t the linzer approximations for .-.mtions (1) and (6):

L. (7)
Let MA, .M3f and Mc represent the induced moments at m s
A, B and C "'" to the dispiacement. then the total indut- c (A A)a. = Ib) (241/L) (a)
moment is;'.



.n and . can be obtained as:

EI/÷(a cb) (

2a + 4EI'1(ac,) (b0) 30030.
Equation (10) indicates that 4 will increase linearly with L.

~but the.--is an optmum value for a, where 4 is maximum=. s

This octtrmu value is:

..-" = 4E1/(a.,c.,b), or aI =.2EI/(cob) (11) _ -

However, as the initial height a. is very small, another
possibility is •th• the deformation of the cover plate becomes
I-ger and = ::or be neglected. tha is, flextensional motion
of the cover niate will occur. Fe== the rigid-beamn model
shown in r4g. 3 is not valid. From elastic theory(8,9], when
a triangle sha-ed continuous beam is tmder the action of
c€mvrrss axi•al force P. the displacament of middle point is:

""=aI (12)
0 . . , ! ; • . .... . . . ' . : ! : ,

0 1 5 - 4 S 6

where ?:=- r.- is Buier load. laiia cover ;-- •= .: (Cmm)
Ezuarion -; , shows that wiil in---se linearly with , -- Middle x=

Aca-.ally, .''s is the situation similar for cymbal actuators - ' TP Point, =d oading conditin
where ="a dlia'ent is lineariy re!,Lad to the cavity depth -7- P T ointe = frae condition
of encdcs and- cxponentally :elatac :o the cavity diamie
be•useof :k : f extensional motion of -ndczps(10]. 4".... De•oendence of disi•----t d a mdoific~won n•acor

The.-sfor.. "f xtensional motion of *he cover plate oc.-.r on e Witizi cover:=.ýi t
above the c•t.L ri a. value de- from the rotation-
domizaed si:;a,.icn, the real ootimum czver plate height will lenIth of -over plate is fixed at 55.0rmm in this experimentL
be in *he ":::nz', trom romilton-r.L-tized situation to the It :=aly shows that there is an cutimum value for initial

e,, c,,- .... ared situation. cover plate height (about 1.mm) at which middle point
dLwi.ce--enr reaches the maximum. Defining the

M EXPE= 3 ampi cadon factor as the ratio of miaddle point displacement
to Lhe dre tip displacement of bi=ormhs. Fig. 4 shows tha

7--c bimcr-' ".s used in this work a oper.aed in parallel the amplification factor is more than 10 in the vicinity of
corl."aicn and made from Motorala 3203i-D (PZT type optimm- initial cover plate height.

H') material. "'T.--,- dimensions are :0.0 x 7.7 x I.5mm. The In ord• to determine the motion situation of the cover
loudsreaker :a.=r with the same width and 0.56mm thickness plate, the middle point displac --t is also calculated by
is aixec on =C top of bimorphs by super glue. The using e-uations (1) and (7) wit:h measured tip point
disota..e-: of .- ddle point and tp point are measured by disiac.et and compared to expr.:mental values in Fig. 5.
using M77 ::CO Fotonic Sensor under diffement dimensions It can be seen that when the cover plate height is larger than
of cover ;iaRe. 7-e applied voltage on bimorphs is fixed at 3.On=. the linear approximation can be used. When the
150V (p-p value'. a.nd frequency is 1Hz. cover plate height is between 1.5mm and 3.0mm, the

calc-'Lated value using equation (I) is consistent with

iV. RESULTS AND DISCUSSIONS expe.rimental results. This means it is still rotation-dominated
situation but nonlinear effect must be considered. When the

Fg. 4 is the • -e, ndence of middle point displacement mid cover. plare height is smaller than 1.5mm, the calculated value
tip point dis.placment on the height of cover plate. The still inc.---zes but the meaured value dece-ases, which means



Fig. 6 shows the dependerc: of middle point displacarner

_0 aon the length of covcr plate. When the cover plate height i
00 , . .3.Orm, the linear approxiimation can be used so th=a th

middle point displacement will linearly increase with thi

600 length of cover plate. When the cover plate height is 0.5mrm.
f\extensional motion beco-es dominated, and the middie
point displacement in-c-eased with cover plate length mon

es .0 r"-.acidly than linearly. This is consistent with our theoretica.
N analysis.

200 -V. CONCLUSIONS

_ __,,, The displacement of bimorph based double ampUifi
°0 I 2 3 4• 5 6 a tors can be more than en times larger than the ri

Iniil cover plIat hight (mm) disvlacerment of bimorphs. Tae displacement strongly d.r

-- M ra~st v on the initial height of cover plate. When the cover p
- ,- .alcuat , au. using equation M height dcceaases, the motion of cover plate is from rotaon-
- - -- CaL- value. Using eqU=Zia (I) dcminated to flextension-dorinated. And the optimum co

plat- height is in the ='afer egion of these two kinds or
Sg. S. MCasured and calculatd middle point displactt sicu•atons. The displame-,ent increases with cover plate

lenguth but the relationship in detail is quite different
500 a=:rding to rotation-dominaiad or flextension-dcmin.atewd

si"artion.
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CRESCENT: A novel piezoelectric bending actuator
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ABSTRACT

Piezoelectric actuators have significant potential for use in smart systems like vibration suppression and acoustic noise
cancling devices. In this work, a novel piezoelectric bending acmator CRESCENT was developed. CRESCENT is a stress-
biased ceramic-metal composite actuator. The technology involves the use of the difference in thermal contraction between
the ce=amic and the metal plates bonded together at a high temnerarm=e by a polymeric agent to produce a stress-biased
curved structur-. An extensive experimental investigation of this device in the cantilever configuration was carried out. The
tip displacement. blocking force and electrical admittance and were chosen to characterize the performance of the actuator
under quasisratic conditions. The device fabricated at optimum temperature exhibits large tip displacement and blocking
force and possesses superior electromechanical characteristics to conventional unimorph actuators.

Keywords: piezoelec:ric actuators, unimorph, bimorph, CRESCENT

1. INTRODUCTION

Pi. zcel.trc ceramic materials are being increasingly investigated for use as solid-state ac:uators in applications
recuirin-g arge displacements (>10 ,um) such as loudspeakers. pumps. vibration suppression and acoustic noise canceling
devices. Since "-.e direct extensional strain in piezoelectric ceramics is quite small, novel strain amplification mechanisms
are being tx;icred. The bending mechanism is an effective strain amplification technique and actuators utilizing this
mechanis= are -widely used for the above mentioned applications. A classical example of such a device is the unimorph
actuator' which consists of the non-oiezcelectric and electroded .iezoelectri c plates bonded together. A schematic view of
the unimcrnh actuator with rectangiar -ross-section in the --.. rtilever configuration is shown in Fig. la. The flexural
displacement n under applied voltage U (Fg. Ib) is caused by :he piezoelec,--ic effect in the direction perpendicular to the
polar Z axis (piezoeiecnic d31 coefficient).

U 
AZ

(a) (b)

Fig. 1. (a) A schematic view of the unimorph actuator in cantilever configuration. P, denotes the vector of the spontaneous
polarizaticn. (b) Flexural displacement q of the unimorph in the r< plane under the applied voltage.



Recently, a novel technique of using pre-stress produced during the device fabrication was introduced.! The
piezoelectric actuator made using this technique was named RALBQOW (Reduced And Internally Biased Oxide Wafer).
RAIBOW is made by subjecting the ceramic to a selective high temperature reduction with graphite in an oxidizing
atmosphere resulting in a reduced electrically conductive layer and an unreduced piezoelectric layer. The resulting stress-
biased monolithic unimorph has a dome or saddle-shaped structure because of difference in the thermal contraction between
the reduced and unreduced layers of the ceramic plate. It was stated that this dome shape enables the actuator to generate
significant axial displacement.3

In this work, the authors describe a novel piezoelectric stress-biased bender called CRESCENT. This device is very
promising considering that it generates fairly large displacement and blocking force at reasonable driving fields. In
addition, ease of fabrication, low cost and surface mountable configuration are some of its other attractive features. Details
regarding the fabrication of CRESCENT and its electromechanical characterization are given below.

2. FABRICATION OF CRESCENT

The technology of fabricating CRESCENT involves the use of the difference in thermal conration between the
piezoelectric ceramic and metal plates bonded together by a polymeric agent to produce a stress-biased curved structure.
The e!ectroded piezoelectric plate is cemented to a metal plate by a thin layer of high tempera•ure curing epoxy by
subjecting it to high temperature (200-.00°C) for a fixed period of time (typically 30 minutes - 6 hours) so that the epoxy
cures and hardens. Then the structure is rapidly cooled (typically air cooled) to room temperature to achieve the differential
thermal contracion. This process produces a dome-shared s=raucure with significant internal stresses. After the device is
fabricated it is poled. A schematic view of the CRESCENT is gven in Fig. 2.

Fig. 2. Schematic view of CRESCENT.

3. EXPERLIMENTAL PROCEDURE

In all experiments, soft piezoelectric ceramics Pl550 (Piezo Kinetics, Inc.) and stainless steel SS302 were used.
This category of piezoelectric ceramics is analogous to soft piezoe!ectric ceramics PZT5H. Stainless steel SS302 was used
because of its very high Young's modulus. Two epoxies with different curing temperatures were used: one of the epoxies
was cured at =0 °C for 6 hours and the other was cured at 350 °C "or 45 minutes.

Each piezoelectric plate was rectangular in cross-section and ha;i the following dimensions: total length L = 30
mm' widh w M 11 mm and thickness t, S 1.09 mm (Fig. 1). The SS 302 plates had dimensions: total length L - 30 mm.
width w = I I mm and thickness t. - 0.37 mm (Fig. 1). Since the Curie temperature (-200 °C) was lower than the device
fabrication temperature, the actuators were poled after fabnrcaticn. The radius of the curvature of both the CRESCENT
acruators bef-ore poling was about 0.4 m and after poling it incr-ased to 0.8-0.9 m. For comparison, standard d3 l unimorph
acruator of identical dimensions was fabricated. In case of unimorph, the piezoelectric ceramic plate was first poled along
its thickness and then bonded to the SS302 plate-using co'mmercially available I-B Weld epoxy (I-B Weld Company) at



room temperature for 24 hours. Hence the unimorph has a greatly reduced level of internal stress compared to the
CR.ESCEINT actuators.

The piezoelectric d33 coefficients of the CRESCENT and unimorph actuators after poling were measured using the

piezoelectric d33 meter ZJ-2 (Institute of Acoustics, Academia Sinica). To characterize the CRESCEN-T and unimorph
actuators, their electromechanical response as a function of the applied electric field well below the fundamental frequency
of bending vibrations (quasistatic conditions) was investigated. Under quasistatic conditions, the following parameters of
these devices in the cantilever configuration (Fig. 1) were measured as a function of amplitude of the electric field: (z)
displacement "I of the free end of the cantilever, (ii) blocking force Fbi (when '1--0), and (iffi) elec'ical admittance Y. The
vibrating length of the cantilever was I _= 26 mrm.

A block diagram of the experimental set-up is shown in Fig. 3." The tip displacement of piezoelectric cantilevers was
measured by a photonic sensor NM 2000 (MlI Instruments). The actuator (in Fig. 3, bimorph is shown as an example) was

mounted on a XYZ micropositioner (Baling Electro-Optics, Inc.). To measure the blocking force, a special metal head of a
load ce!l ELF-TC500 (Entran Devices, Inc.) was glued by Super Glue to the vibration end of the actuator. Power supply PS-
15 (Entran Devic=s. Inc.) was used to drive the load cell. The electrical admittance was measured by means of a smaU (a
few ohms) resistor R connected in series with the actuator. The lock-in amplifiers (SR830 DSP, Stanford Research Systems,
Inc.) used to measure the signals corresponding to the tip displacement and admittance were synchronized with the output
voltage of the power amplifier (790 Series, PCB Piezotronics, Inc. or PA-250H, Julie Research Laboratories, Inc.). The
input AC signal to the power ampifier was provided by a generator DS345 (Stanford Research Systems, Inc.). The
developed experimental set-up can be used over a wide frequency range (from DC to several U-z). The maximum driving
voltage this se.up can handle is 300 Volt RIMS.

£xv A!I!

I E4 kI

Fg. 3. Block diaram of the expe.rieental set-up adopted to meast -electromechanical pro.ernies of piezoelectric
actuators." P, 'enores the vector of spontaneous polarization.

Ee...-orriechanical charactenistics were measured in the cuasistati: regime at room temperaure. The measurement
frequency 10C Ci-z was at least ten times smaller than the fundamentai resonant frequency.

4. EXPERLMENTAL RESL-LTS

The values of the piezoelectric d13 coefficient of the CRESC= and unimorph actuators are gven in Table 1. It is
evident that the d-3 coefficient decreases with increasing device fabrication temperature. Thus the CRESCEINT actuator
fabricated at E-,50*C has the lowest value whereas the unimorph actuator has the highest value.

Table 1. Values of the piezoelecric d33 coefficient of the CRESCENT and unimorph actuators

TYPE OF PIEZOELECTRIC ACTUATOR oiezoelectric d2 coefficient
CRESCENT (fabricated at 50°C) I 518
CRESCENT (fabricated at 350°C) I 512

Unimoroh 570



Fig. 4 and Fig. 5 show the variation of quasistatic tip displacement, blocking force and admittance of the
CRESCENT actuator fabricated at 250°C with increasing electic field upto about 2 kV/cm. Fig. 6 and Fig. 7 show the
variation of these parameters with electric field for the CRESCENT actuator fabricated at 350TC. The variation of these
parameters with electric field for the unimorph actuator is depicted in Fig. 8 and Fig. 9. As seen from the figures, for all the
three actuators under consideration, the quasistatic tip disvlacemert and blocking force vary linearly with electric field for
low fields but the variation becomes increasingly non-linear at higher electric fields. The slope of tip displacenment and
blocking force vs. electric field monotonically increases with electric field at higher levels of field.
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Fig. 4. Variation of tip displacement and blocking force of CRESCM'T fabricated at 250°C with electric field.
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Fig. S. Variation of relative admitance of CRESCENT fabricated at 250°C with electric field.
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g. 7. Variation of relative admittance of CRESCENT fabricated at 350*C with electric field.
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Fig. 8. Variation of tip displacement and blocking force of unimor~h with electric Beld.
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Fig. 9. Variation of relative admirace of unimorph with electric field.

S. DISCUSSION A•ND SWI"MMARY

The experimental results show that the CRESCENT acwuor fabricated at 250*C exhibits a larger tip displacement
but a smaller blocking force and e!ec:ical admittance than the unimorph actuator. However, the CRESCENT actuator
fabricated at 350'C shows. a smaller do displacenent, blocking force and electrical admiace than the unimorph. It is
indeed useful to compare the various electromechanical parameters of the three actuators and arrive at an overall figure of



merit which can be used to evaluate their electromechanical performance relative to one another. This comparison can be
done using the analysis given belowA This analysis can be applied only to actuators consisting of plates with rectangular

crosssection
The actuators were studied in the cantilever configuration in.which the mechanical load is usually applied to the

vibrating end of the cantilever. Therefore the most important characteristics under quasistatic conditions are the free

displacement 11 (Fig. 1) of the vibrating end and the blocking force FbI when l---O. For piezoelecric unimorph actuators6

3
T7-dj,1 -kE.

2 r

8 1 i;-E

where d31 and sj are the piezoelectric coefficient of ceramics, and the mechanical compliance of c,-amics in the direction X

under the constant electic field E (Fig. 1) respectively, k4 and kdf are displacement and blocking force coefficients

respectively, and E = Ult.

For unimorph cantilevers ( i.e. without internal mechanical stress) k and kA can be expressed assk, = z•-.y(I + x) =--,y=•..
k + 4xy + 6x-y + 4x'y + x'y -

S +(2)t 1= xyi--x,

where Y. is the Young's modulus of the meta. As given in equation (2) factors k. and kd depend on the ratio of thicknesses

x and ratio of Young"s moduli y of metal and piezoelectric plates.

For CRESCENT actuators, internal mechanical stress produced during device fabrication and -oling, changes the

electromechanical properties of ceramics. Therefore equation (1) for these ac,,arors can be written as5

ýd,,Lk~kE,
2 It3dWt. (3)

where ký is equal to relative change in di, and km is equal to the change in d. /S3 as a result of the internal stress bias. A:

is not very sensitive to change in s'. Hence- ký can be calculated from the ratio of the tip displacements of the CRESCENT

and unimor-h act:ators using equation (1) and equation (3). However, kd being a strong function of s',, the value of k. in

equation (3) should be first calculated using the value of s, under mechanical stress in equation (2,. Then k,. can be

de,,ermined from :te ratio of blocking fcrces and ratio of kdf for unimorph and CRESCN actuators using equation (I) and

equation (3).

Another important quasistatic -lec!omechanical characteristic of the actuators is their electical admittance Y:

Y = Jeo)- k, (4)

where co is the azgular frequency = 2:rv. F.- is the component of the tensor of the dielectric permittiviry of ceramics and

coefficient ky de•ends on the electromechanical coupling coefficient and a change in the dielectric perrnittivity due to

device fabrication.

An overall figmre of merit representing the ratio of the mechanical work to the input electrical energy can be expressed as6

overall fizure of merit . (5)
Y

Equation (5) can be used to compare different actuators (in our case, CRESCENT and unimornh actuators) only if

hey are fabricated using the same piezoe!ecc ceramics and have the same dimensions of the active piezoelectric plate. All



quasista•ic characteristics should be measured for the same amplitude and frequency of the applied electric field since
electromechanical properties of piezoelectric ceramics depend on the amplitude and frequency of the electric field.7

Calculated relative values with respect to the unimorph actuator representing elec"romechanical characteristics of
the actuators studied are given in Table 2. These values were obtained at low applied electric field (less than 20 V/cm). As
seen from Table 2, the CRESCENT actuator fabricated at Z50°C has the highest figure of merit.

Table 2. Fogures of merit of bending-mode piezoelectric actuators in the cantilever configuration.

Type of Piezoelectric Tip dispiacement Blocking force Admitt=c Overall figure of merit
actuator (relative) (relative) (relative)

Unimorch I I I I
CRESCMNT 1.09 0.97 0.91 1.16
(fabricated at 25000 _

CRESC ENT 0.88 0.85 0.90 0.83

(fabricated at 35000)_ .....

Based on the relative values of tip displacement and blocking force and equations (l) and (3) the values of k, and
K, under quasistatic conditions and low applied electric field can be calculated. The calculated values of these coefficients
are given in Table 3.

TabLe 3. . and k,, values for CRESCENT actuators

7 Tvce of -4ezoeecrric actuator J.,
CRESC-"N ,fabricated at 2-0C'; I 1.09 0.88
CRESC="' ýfabricated at 350'C'" 0.88 0.82

From Table 2, it is clear -hat :he CRESCENT acutt•or fabricated at 2500C has a higher .i displacement and lower
admitrtance han d3, unimorph fabrzaterd from the same materials. T7is implies that the aver.age aiezcoelectric d31 coefficient
of ýhe ::ezoeiec'ic ceramic plate tcied under a certain level of mecha.nical bending stress is higher and the corresponding

dielect- : ..eruttivity E, lower t=an that of the starting :naterial. T•is is very surprising because experimental results3

show that lonzitudinal stress decreases piezoelectric d31 coetfcient. Also, it is interesting to note that for a piezoceramic
plate poie. under a certain level cf mechanical stress, the piezoe!ectrc d33 coefficient is lower. but the piezoelecuic d31

coencze.: -is higher than the star.ig material. This enhzanced eeI-crmechanical response can be attributed to specific
domain sr.-c:ures which are formed during poling. A very important fact supporting this hypothesis is that there was a
significa:n: increase in the radius of zurvature of the device after poling. For the CRESCENT ac-rator fabricated at 350 0 C
(above t.e optimum temperature), excessive residual mechanical stress may decrease the pice!e.eic d3l coefficient. This
exlains -"e inferior electromechanical characteristics exhibited by the actuator. The blocidng force of both CRESCE=T

acu.iators is less than that of unimotr-b. This can be due to the increase in s, due to mechanical stress during poling of the

device.

It is evident from the results that the electromechanical and diec-_tric properties of the CRESCENT actuators are
denendent on the level of the applied eiectric field. At high e!ectric fields, they exhibit a non-linear variation. This can be
attribute_ :o the non-linear behavicr of the soft PZT ceramics. "This non-ýinear behavior of ceramnics has an extrinsic nature
i.e. it is caused by domain wall and :hase boundary motion.

Aniother important yardstick to evaluate the reliability of an actuator is the elecitc 5ield at which mechanical
failure occurs at resonance. Electromechanical resonance induces a ver.y high level of mechanical vibrations which causes
m=nctanicai f'acture. For unimorph and bimorph actuators. the fractre occurs at 30-50 MWa in the region where actuators
were clamn-ed since this reion is subjected to the highest level of stress.5 CRESCENT actuators have metal plates, and
hence even if mechanical failure of ceramics occurs the ac-uators do not !racture since metals like stainless steel have much



higher fracture toughness than ceramics. Hence they can be expected to have a higher reliability than bimorphs. Work tostudy the 'elability aspects of the CRESCENT actuators is currently in progress.

c nf summary, the electarmechanical characteristics of CRESCENT and unimor= actuators in cantileve-o have been investigated and compared. The tip displAcem n., blocking force, and e!erical admittance underquasistacic conditions were chosen To evaluate electromechanical performance. The experimetal results show that theCp.ESCEN- actuator fabricated at close to optimum temperatur exhibits superior characterisjscs as compared toconvcncaio a. unimorph. This also shows that though in most cases stress has an adverse ,,ffe , on the performance ofpiezoelectric devices, it can enhance performance if prudently designed and properly directed.
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Dynamic Characteristics of Rainbow Ceramics

Catherine Elissalde and Leslie Eric Cross'

Materials Research Laboratory. The Pennsylvania State Universiryv, Unive"sir" Park. Pennsylvania 16802

The piezoelectric resonance behavior of end-clamped knowledge of the frequency characteristics is. indeed, essential
bimorph structures made from the rainbow monolithic for many types of applications.
ceramic have been evaluated. Thickness, width, width flex-
ure. and length bending modes have been identified and II. Experimental Procedure
measured. Using a very crude model in which the cermet
component of the rainbow is assumed to -have the same
density x elasticity product as the bulk. surprisingly good (1) Sample Preparation

agreement is obtained between observed and calculated Rainbow piezoelectric PZT ilead zirconate titanate) materi-
frequency behavior. By appropriate processing it is possible als were prepared using a conventional mixed oxide process.
to delaminate the bimorph. and work is now in progress to During the processing, an additional important step for the
measure the properties of the two separate phases so that a rainbow is the high-temperature chemical reduction of one
proper composite resonator model may be developed, surface of the wafer.2 The thickness of the reduced layer is 1/3

to 1/2 of the sample thickness. This single-sided reduction
introduces a stress in the ceramic and the rainbow becomes a

I. Introduction dome-shaoed wafer.
and- eersct measrThe rainbow actuators were supplied by Aura Ceramics. Inc.

1i~z.._C7,-RcTh and electrostrictive materials im soused in a
Uwide range of applications. Especially smart materials have The dimensions of the initiai waer were the following:
aroused i-creasing interest. To improve the performance of 50.3 mm. in diameter and 0.76 or 0.38 mm in thickness. A
piezoelectrnc materials (higher strain or higher displacement). moional diamond saw was used :f generate the rainbow canti-
new sructares such as flextensional structures or "'moonie" are lever used for our experiments. One end or'the sample was then
develoed. Recently a new type of monolithic cer-amic bender, clamped in a plastic support using f Mlinute Epoxy glue. and
known as "rainbow" (reduced and internally biased oxide the other end was free.
wafere-. .as developed by Haertling.: This material presents a (21 Frequency Measurements
number of advantages and in particular the possibility to gen- Frecuency measurements were :e",orrned using an HP4194 A
crate ver" high displacements.- The piezoelectric material impedace/gain-phase analyzer 'hich covers a frequency range
response dIepends not only on its piezoelectric properties but of 100 Hz to 40 MHz. A prelimir.a" calibration was conducted
also on easrtic and dielectric parameters. Elastic bodies show i ocen and short circuit). On ac:,mnt of the initial bent shape of
resonances. and the resonance method is convenient for evaluat- the rainbow and thus because of :he high sensitivity of the
ing such properties. In this way. the purpose of this work is sample measurement, two different ctils were used. Both were
to study 'he resonant behavior of rainbow materials. A good connected to a test fixture with "he four terminals attached

directly to the terminals of the anaivzer (BNC connectors). The
so-called -soft cell" (SC) consisted of an HP16047 C test fix-

G. editor ture. The so-called "hard cell*" HC was made up of a clip
mounted on an HP16047 A :es-z ixmure. For each cell. the
contact was near the clamped en.c r" :he rainbow cantilever.

Manu,.-:-_ . N,,. !92775. Received March S. 195: approved June .. 1995. T'he -educed layer onthe conc:ve side of the rainbow served
Memc--,r...mecan Ceramic Society, as one of the electrodes but it ws also possible to electrode it

o L, _ ding..,e,

84

1001 300 10"3 1.10 il 11.4 n;, li0 I .1 3,11 Ill of , Z i0o

Frequenc" 1Hzi

Fig. 1. Impedance spectrum of rainbow cantilever, L = mm. w = 5 mm. t = 0.-& mm).
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i2occcc ,Table 1. Measured Resonant Frequency of
£ Rainbow Cantilever'

17 
Resonant frequency rHz)

w=Smm ,=2.Smm W" .5 mm

I L r = 0.76 mm 93732 274861 678755
"r = 0.3s mm 52046 158 197 426264

L i,'.7 L rnm.

/ structure of the rainbow, there are two materials involved, the

unreduced PZT ceramic and the lead-based cermet of the

reduced region. As a first approximation, assuming that the
cermet behaves elastically like the PZT. the value obtained from
... erimental results is about CO. = 14.4 x [0" N/m (' =

.6 MHz). Such a value is effectively the same as the value for
0 200 400 o00 800 common piezoelectric ceramics.

1/w (m-i) The frequency of the resonant mode observed close to 3 X
i0' Hz in Fig. I depends only on the width of the sample

Fig. 2. Resonant frequency of lateral extensional mode vs width (t and thus corresponds to the lateral extensional mode of the
0.76 mm): (O) 1,,, (-)ff. cantilever. Again. assuming the cermet behaves like PZT we

could expect the frequency to be given by -

to ensure a good contact. In fact. the results of these impedance .(
measurements were not affected if only the top side or if both . .5- (2)
sides were electroded.

Temperarure measurements were performed using a metallic where w is the width of the sample. p the density, and C' the
cell. a hot plate PC-35, and a model DRC 80-C temperature effective elastic constant measured at constant field. The
controller, mechanical conditions are S. 0, T: = 0. and C',,I/S.: I -o')

.Results Fures 2 and 3 represent the measured frequency versus
111. R.vidth, for 0.76 and 0.38 mm thick rainbows. The plots clearly

verify the 1/w dependence and from the slope a value of S7, =
(1) ResonanceModes !-..9-' X [0' m-/N is obtained assuming that the value of the

Four resonant modes were observed in the rainbow cantilever Poisson ratio. a.' is that of PZT. i.e.. a- = 0.36. Such a SV value
with one end clamped. The resonances appeared in the fre- is in the range expected for softer PZT compositions.
quency range 100 Hz to 4 MHz. As an example. Fig. I shows For the resonance observed near9 X 10' Hz (Fig. 1) the most
the impe-dance spectrum obtained. The lowest resonant mode is probable origin is a width bending mode as the frequency
the bending mode. The value of the corresponding resonant scales with both width and thickness. but not with length of the
frequency depends on both length and thickness. At high fre- rainbow. Table I lists the measured resonance frequencies as a
quency > 2 MHz), the fundamental thickness mode can function of these two controlling dimensions.
be observad. In a conventional plate thickness resonance. the 12) Bending Mode
freouenc" or the tundamental is given by In -his study we have focused our attention on the lowest

"6 fareiuencv resonant mode. namely the bending mode. Figure 4
,.. _ C (1) shows the measured bending resonant frequency versus the

"J-'" - \i p ratio v.L of the cantilever. By changing the length. the frequen-
where I'_ ;s :he parallel resonance frequency. t the plate thick- cies of the other resonant modes remain constant. Again. using
ness. p the density (p = 7.5 X 10: kgzm'). and CO the elastic the assumption of a homogeneous ceramic, the resonant fre-
stiffness at constant dielectric displacement. For the bimorph quencv of a cantilever (one end clamped and the other free) can

oe expressed as

2000

7 1600

- 11200

- ; | aoo.

-, "wImlIi /L n
•" ~400 /

0 200 .O0 600 800 1 2 3
I/w (m-1) t/L: (m"I

Fiu. 3. .•:-.m ant freuuencv o laiteral extensional mode vs width (t = Fig. 4. Resonant frequency of bending mode vs dL-: (0) ,,,.
. mm r,,,,. '
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Fig. 7. Temperature dependence of resonant frequency of the bend-
Fig. 5. Q vs width. ing mode (L = 32.27 mrm, w =5 mm. = 0.38 mm).

17 IL 1 temperature were performed. The temperature range was from

f .. \ 1, S room temperature to 340 K. As an example. the temperature
dependence of the frequency of the bending mode is shown in

where L is the length of the sample and m the eigenvalue of the Fig. 7. For all the samples. a decrease of frequency is observed
resonant mode. The fundamental resonant frequency corre- when the temperature increases. The corresponding variation of
sponds to a value of m = 1.875' and the resonant frequency can be well fitted using a law-type such"

1 as ln/ = A + B(1IT) (A and B are constants). Using Eq. (3) it is
f=0.16(tL2) - (3) also possible to determine the temperature dependence of the

elastic compliance. In each case. S', increases linearly with
mexperimental values, the obtained elastic compliance is increasing temperature. The curve fit is a straight line (Fig. 8).

From 15 v 10' obThere istic siant It is perhaps surprising that the assumption of a homoge-
about 15 i, one 10 r the (Fgo.therofthe is. noreotea.sig at neous ceramic in describing the elastic and density properties
difference using one or the other of the cells. Moreover. it is works very well and is probably adequate for many engineering
interesting to notice that even if the reduced layer is not elec- - -
troded. the measured resonant frequency remains the same.- purposes. Given the fact that oxygen is lost from the ceramic

The sharpness of the impedance -frequency peak in the neigh- during the reduction process and that the resulting cermet puts
borhoodharpne of the resonaeisontfroled y lses in mte neig- the ceramic under compression. one would expect a higherborhood of the resonance is controlled by losses in material.

Near the resonance the dominant factor is probably related densit in this component. ossibly this change is partially
relatd to compensated by a reduction in stiffness due to the metallicmechanical losses. The mechanical quality factor. Q, is thus n by c ases itis due to th e a

an important parameter to determine the impedance-frequency phase. We note that in some cases it is possible to cause a

characteristics of resonating systems. It also gives an idea of the delamination between the ceramic and the cermet phases. soi ohe that with the possibility of explaining the elastic and density
usable bandwidth. Q is obtained from a determination of the beairothtwsprtehss.twilepsileomdlminimum impedance IZml at resonance. Q is ,given by the behavior of the two separate phases. it will be possible to model
minimt i m. ie fore exactly the precise behavior of this composite resonator.
relation

Q = 1/[4T,(C, + C,)(fp -f)IZ,,I] (I) [V. Summary

where C., - C, is the capacitance measured at low frequency, The frequency behavior of rainbow cantilevers has been stud-
andf, andf. are the frequencies corresponding to the maximum ied in a large frequency range (100 Hz to 4 MHz). Different
values of the resistance R and the conductance G. respectively, modes of resonance have been observed. The stronger corre-
For the rainbow cantilever, the calculated Q value is close to sponds to the thickness mode and appears at high frequency
100. There is not a precise evolution of Q as a function of width (f > 2 MHz). At low frequency. the bending mode can be
and length (Figs. 5 and 6). Considering the restricted sensitivity characterized by an impedance-frequency peak with a value of
of the measurement, it is reasonable to conclude in favor of an
average value.

In order to complete the characterization of the bending 30
mode in the rainbow cantilever, measurements as a function of

200 26

1 6 0 "

S22
120 "- e -. ,- -14

0 80 r .

so: 18

L 1 4 . . .. .I

0 . ............ ................... 280 300 320 340 360 380

10 20 30 40 T (K)
L (mm)

Fig. 8. Temperature dependence of S', (L = 32.27 mm. w = 5 mm.
Fig. 6. Q vs length. t = 0.38 mm).
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Q close to 100. The corresponding resonant frequency increases so that a more precise composite resonator model can be
when the length of the cantilever decreases and is also depen- developed.
dent on temperature. The behavior has been modeled on the
simple assumption that the rainbow cermet has elastic and References
density properties similar to those of the bulk ceramic and 'I Suawara K. Onitsuka. S. Yoshikawa. Q. Xu. R. E. Newnham. and
there is surprisingly good agreement between measured and K. Uchino. "'Met-l-Ceramic Composite Actuators," 1. Am. Ceram. Soc.. 75 (-41

"996-98 (1992).
predicted properties. The temperature dependence of the :G. H. Haertling. "Rainbow Ceramics-A-New Type of Ultra.High-Displace.

resonance suggests that the SE1 has a linear variation with , ment Actuator." Bull. Am. Ceram. Soc.. 73.93-96 (1994).

temperature. .eda. Fundamentals of Pie:oelectricity. Oxford University Press. Newtemperture.York. 1990.
Using separated cermet and ceramic elements. measurements w. P. Mason. Electromechanical Transducers and Wave Filters. D. Van

are now in progess to characterize exactly the separate phases Nosacrd Co.. New York. 1942. .
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Characterization of the linear and non-linear dynamic performance of
RAINBOW actuator

Sanjay Chandran, V. D. Kugel and L. E. Cross
Intercollege Materials Research Laboratory. The Pennsylvania State University

University Park. PA 16802. USA

Abstract- In the last few years the technology o f 1I. EXPERIMENTAL MIETHODS
using piezoelectric actuators for applications
requiring large displacements such as A. Sample Preparation
loudspeakers and noise-canceling devices has
undergone significant development. The As it is known, piezoelectric PLZT ceramics are prepared
RAINBOW (Reduced and INternally Biased Oxide
Wafer) is a novel high displacement actuator and by a conventional mixed oxide process. During the
knowledge of its dynamic response is indeed processing, an additional important step for making the

essential for these applications. In an attempt to R&AINBOW is the high temperature chemical reduction
characterize the RAINBOW, measurements were process which involves the local reduction of one surface of
made of important lumped mechanical and the ceramic thereby achieving an anisotropic, stress-biased.
electrical parameters. Cantilevers of different dome-shaped wafer with significant internal tensile and
dimensions were cut from RAINBOW discs. The compressive stresses which act to increase the overall
data include measurements of the mechanical strength of the material [1]. The thickness of the
displacement (under both quasistatic conditions elect.icavly conducting reduced layer is about 1/3 of the
and electromechanical resonance), and its sample thickness. The lOW ceramics used in this
hysteresis. me~chanical quality factor and the work were supplied by Aura Ceramics Inc. The original
electrical impedance of RALNBOW cantilevers, wafers were 50.8mm in diameter and 0.38mm in thickness.

These measurements demonstrate the macroscopic Caners of io dimenir wer cur i o the

effects of the sinusoidal applied electric field and Cantievers of various dimensions were cut from the
indicate significant non-linearities in the original wafers using aMotional Diamond Saw. One end
RAINBOW device, of the cantilever was clamped in a plastic support using

Suoerglue, the other end was free.
I. LNTRODUCTION

B. Measurements
For many years. piezoelectric and e!ec-:osmctive ceramic
materials a:- being increasingly investigated for use as Frequency measurements under iow electric field were
solid-state ac."_ators for small dis.iacements (<10p.) and perrorm, 5 using a HP4194A impedance/Gain Phase
precise ,,necn•ical movement devices. However, many analyzer in the frequency range 100 Hz - 4 MHz. To
applications like loudspeakers and noise-canceling devices investigate the response of the RA.-BOW cantilevers
require actuatcrs producing larger displacements (>1mm). under varying frequency and amplitude of the driving field
The direct extensional strain in most active ceramic (RUMS). sinusoidal signals varying in amplitude and
materials is quite small (<1%) and hence novel techniques frequency were applied with the signal generator. The
of strain amclification are required to satisfy these demands current flowing through the sam.ie was determined from
for high dispiacement actuation. Recently. a new type of the voltage drop across a small resistance which was
monolithic ceramic bender called RAIMNBOW was developed measured on a lock-in amplifier. Hence impedance of the
by Haertling -11. Key features of the RAINBOW include sample was determined. The rip displacement of the
quick processing, ease of fabrication, surface mountable RA-IN'BOW cantilever was measured by an optical fiber
configurations and above all, its ability to produce very sensor. The amplitude of the tip displacement (LMS) was
high displacenents at reasonable driving fields. A good measured by a lock-in amplifier while the sinusoidal signal
knowledge of the dynamic behavior of the device is indeed corresponding to the tip displacement was monitored on an
essential for many applications. The purpose of this work oscilloscope. Complete description of the measurement
is to study the dynamic characteristics of the RAINBOW. setup used can be found in (21.

0.7803-335; -1/96/M5.00 © 1996 MaE.
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III. RESULTS drivingz voltage, increasingt losses and a change in the
errective length of the curved RAIN'BOW cantilever. The

A. Resonance modes curvature of the RLADNOW siightly decreases with
increasing magnitude of the driving voltage resultine in a

The frequency spectrum of the electric-al impedance of the longer effective length. sjj of the M;~hO also may
RAD'-,BOW cantilever with one end ciamoied shows four increase as a result of temoerature increase due to Joule
resonance modes in the frecue-ncy range 100 Hz -4 Nvý heating [3].
[3]. Thre lowest resonant mnode is the bending mode. All
the results discussed subsequently are pertinent to this D. Variation of tip dfsplacemnent w at resoancA frequency
bending mnode. The resonant frequencyi of the bending with driving fleLd
mode --an be expressed ast4 J

±j.3 shows the variation of the tip displacement of the
fA (m/ "u2). (t/W)II. p xs ) PL) AIN,-BOW cantilever with increasine driving, field at

resonant frequency. The- ti displacement w increases in a
where m e cign value of the resonant -node =1.875 non-linear manner with increasing field. Th e lower curve

r =tnick~ness of the sample indicates increasing field and uppe;r curve de-creains field.
I =length of the sample A 5% hysteresis is observed and the slope of the curve
p densayt of the sarnje, shiows a monotonic decrease over the 2 kV/c-mn field range.

=, tjastic complianIce of the sample it can c-e observed that w is as high as 0.6 mm at a driving
field siightv less than _' kVlc-rn. This confirmns the high

I-, is assumed in, (1) that the elastic comoliance values of disoiacement actuation of the RAD'NBOW.
both reduced4 and unreduced layers are equal. Work by
z'usrsaide 3'zorfirmed this zset.- Vrr-ation of, tip dispiacemenr w .undIer ozsiscic

Condi.:zi.ons with drivingfleid
B. Deren~ninanion ofjQ

As seen rrom Fig. 4. the quasistatic ribo displace-men, - (at
The sharpness of the peak in the iroedance frecutericy 10 H~zt increases non-linearly with electric field. The curve

i~c.t n zeneignrborhood of resonance, is decernir ued shiows hyvsteesis and the slope of the curve mon~otonically
by. losses in the material. Near- t~he resonance the dominant decreases with increasing fielc.
:ac-,or mnay be rltdto the ren.--anicai losses. Hence- the

m C~ala CuLit-,-y factor Q is an importani parameter to be F. SignaZ disrortions
determind :n me cnaracten zaton Of re'sonating systems: it
.-ives an idea of t'he damnping. a narrow xeak surroundingf-, W-hile '-aversing the freuencv rngine 100 Hz to I k<.Ez.
suggests Cxhtdaning and %ice-versa. 0 ca be calculated s-mall ourout. signal distortions were always detecable.
from the nrnIrni-mumimpedance 4, lat resonance as follows Significant distortions in the tip displace-ment sig-nal w for
[4l a sinusoidal input were observed for frequencies close to the

frrequencies
2=I/[4rrC._- C,). j. (f] (2)

fd =f~/](3)

where (C, - C:) = capacitance measured at. frequency well
below fundamenta resonance where] 2. 3 . 4 etc.
Jo J.; = Trecue;c.s corresvonding to the -maximum values
or resisance R and conductance G resoectveiv. 7his may be due to the presence of higher harmonic

components which may grow and cause signiricant
As evident from Fig. 1. Q ( calculated from (2) ) decreases distortionis.
almnost linearly with the driving field over the 2 lcV/crn
range. This behavior can be attributed to the increase in IV. DISCUSSION
the losses in the material.

The results discussed in the previous sections suggrest the
C'. Variation ofwith driving voltage presence of significant non-linearities in the RA.hNBOW

device. Thnese non-linearities include a 5 % hysteresis and a
Fie. 2 shows -that the resonant freuencyf, decreases with change in -the slope of tip displacement versus driving! field
incr~asingelcc Field. This can be attributed to change in curve. To understand the origin of distortions in the tip
the elastic prc-ertes of the material due to the incre~asing, displacement signal w of the RA.INBOW cantilevers it is

74.4
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useful to analyze the constimttive equations of bending displacement ( under both quasistatic conditions and
vibrations [5]. Externally applied voltage produces a resonance), electrical impedance. mechanical quality factor
bending moment in bimorph and unimorph cantilevers [5]. and resonant frequency indicate significant non-linea-ities in
"This bending moment M is related as the behavior of the R.AD,'BOW.

,W - d3 , / s,1 I (A)
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Structural-Property Relations in a Reduced and Internally Biased
Oxide Wafer (RAINBOW) Actuator Material

$ Catherine Elissalde,* L. Eric Cross,' and Clive A. Randall'

Materials Research Laboratory The Pennsylvania State University, University Park. Pennsylvania 16802

Reduced and internally biased oxide wafer (RAINBOW) II. Experimental Techniques
actuators are fabricated by a controlled reduction of Lead lanthanum zirconate titanate- (PLZT-) based RAIN-
PblZr.Ti)O~based piezoelectric material. The reduction BOW ceramics were used (Aura Ceramics. Inc., Minneapolis.
process results in a conductive layer composed of an inter- MN). The composition was given as 5.5/56/44, in terms of the
connected metallic lead phase and refractory oxides (ZrTiO,, respective constituent lanthanum/zirconium/titanium ions.
ZrO.. La.O,, etc.). The nature of the reduction is discovered The electromechanical resonant behavior of the RAINBOW
to be the result of a complex volume change leading to a material was measured using an impedance/gain phase analyzer
nanoscale interconnected metallic structure. The distribu- (Model HP4194A. Hewlett-Packard Co.. Palo Alto. CA) in
tion of phases within the cermet vary within the thickness the frequency range 100 Hz-I MHz. Dielectric measurements
of the wafer. Within the piezoelectric ceramic phase. the were conducted from room temperature up to 250°C at various-
reduction process modifies the grain-boundary structure to frequencies using a multifrequency inductance--capacitance-
give two distinct types of fracture: transgranular and inter- resistance (LCR) meter (Model HP4274A. Hewlett-Packard).
granular. The complexed microstructures of the RAINBOW An acoustic microscope (Sontex) was used to determine longi-
actuator materials are discussed in relation to their dielec- tudinal and transverse sound velocities of the samples.
tric and piezoelectric properties. Thermal expansion measurements were performed from

room temperature up to 650'C to measure the thermal strains. A
vertical push-rod dilatometer equipped with a high-sensitivity

I. Introduction linear variable-differential transformer (LVDT) was used.

ECENTLY there has been a continuous effort to improve 'the X-ray diffractometry (XRD) analysis was conducted for phase
performance of piezoelectric materials for electromechani- identification using a diffractometer (Model PAD V, Scintag,

cal actuator applications. Novel piezoelectric structures, such as Inc.. Sunnyvale. CA). Scanning and transmission electron

unimorph or bimorph cantilevers and flextensional composite microscopy studies. SEM and TEM. respectively, were con-

structures all have been developed to produce higher strains ducted to evaluate the microstructural details of the RAINBOW

than the basic monolithic materials. " As an example. the structures. The SEM microscope was a field-emission model

ceramic-metal composite actuator, the so-called "Moonie.'" is (Model 6300f. JEOL. Tokyo. Japan). and a scanning tunneling
able to provide large displacements and generative forces.06 A electron microscope (STEM) (Model 420. Philips Electronicnew type of monolithic ceramic. known as the reduced and Instruments. Mahwah. NJ) operated at 120 kV was used for

new ypeof mnolthi cermic knon a th redcedand TE.M. The TEM samples were prepared in planar and cross-internally biased oxide wafer (RAINBOW), is of extreme inter- Tioa vie Te samples were polished to a cknssoes. -c s tpe nsteavnaeo ierneo tes sectional views. The samples were polished to a thickness of
est. because it presents the advantage of a wide range of stress/ 40 i~m and then mounted on S mm copper grids with epoxy.

strain characteristics. 7 The RAINBOW device can be described Ion-beam thinning moun red on 3 m ids wit an,

as a monolithic structure with a piezoelectric layer (nonreduced) Pleasanton. CA) -4 pfm oa l il( nPlesanon.CA)at 4kV at 1"'.
and a reduced cermet layer (electrically conductive): a cermet
is a ceramic-metal composite material often used for mechani-
cal applications. The controlled reduction of a stoichiometric III. Results and Discussion
Pb Zr.Ti jO0, PZT) is achieved by placing the bottom surface of
the ceramic on a carbon substrate and protecting the top surface (1) Microstructural Characterization
with a ZrO,. plate. The RAINBOW actuator is heated at high Figure l(a) shows a typical XRD analysis for the reduced
temperatures and cooled to room temperature. An internal radial layer on the cermet phase. The dominant phase was identified
stress develops during the reduction process and distorts the as metallic lead: the presence of the additional oxide materials.
wafer to the domelike structure of the actuator.' This trans- identified as La,O--4PbO and ZrTiO, varies throughout the
formation process gives the RAINBOW actuator unique elas- thickness of the cermet layer. The surface in contact with the
todielectric properties. Our objective is to understand the unreduced PLZT still contained metallic lead, but the presence
microstructure of the RAINBOW material, with relation to the of La,O•, PbO. and ZrTiO, are more prevalent, as shown in
electrical and mechanical properties of the two phases (reduced Fig. 1(b). The metallic phase is continuous throughout the
and nonreduced). cermet and serves as one of the electrode contacts to pole and

drive the piezoelectric phase. The gradient of phases throughout
the thickness of the cermet also is reflected in the spatial varia-
tion of the resistance. as previously reported by Haertling.'

W. Huen-er--.,contributing editor Thermal expansion measurements of the unreduced layer and
of the cermet show large differences, which readily could be
the origin of radial stress on cooling to form the dome structure.
The thermal expansion coefficient (u) of the cermet is domi-Nian uscr:.t No. 192497. Received June S1O. IlO5: approved Febroar' 21. 1996.

Suppor.e2 :n part by the Office of Naval Reearch. NASA. and the Jet Propulsion nated by the metallic lead to give (x,,_,, = 8.4 X 10-6 O-C,
Lborato. mrcnwhereas the corresponding unreduced PLZT layer is only 44 X".Mjember. Amrerican Ceramic Societym0•:-.Tetemlepnincefceto h emti

"Labor-:..:re 'de Chemie du Solide du CNRS. 'niversit6 Bordeaux. 33405 Talence. 10' C'. The thermal expansion coefficient of the cermet is
c~uex F"-=•e lower than that expected for pure lead metal (29 X 10- °C),
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Fig. 1. XRD patterns for (a) the reduced layer and (b I a different thickness region of the cermet.
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which is caused somewhat by the unreduced oxide inclusions of - 100 nim. Figure 2(b.) shows the equivalent TEMI micro-
but predomiinantly is associated with the interconnected poros- graph of these structures-, the TEM study revealed that these
ity. which is discussed below. channels and pores are real features distributed homogeneously

Figure, t'a)-ke) show the general microstructural character- throughout the cermet up to the piezoelectric interface. Addi-
istics of the cermet phase. Figure 2(a) is an SEM micrograph tiona~ll. the channels are percolating throughout the cermet
that shows the pore and channel structures contained within the with a 3-3 connectivity."' The size of the oxide phase inclusions
cermet: these pores and channels have cross-sectional diameters is 100 nm (Fig. 2(c)). Figure 2(d) shows a Moire fringe

Fig.2. a, SEM iimage of the cermet: (b TEM planar view image of the cerrnet: (c) TEM bright-tield imace of the miultiple oxide inclusions within
,he rný,ai';ý lead phase: (d) Moire patterns within the cermnet lead cn-stallites: and (e) selected-area diffraction photograph of the cermet. showing
,ng, ::~ of the phases.
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Table 1. Comparison between Lattice Spacings revealing ring patterns of the oxide phase ZrTiO,. The system-
Obtained from TEM and International Centre for atic diffraction rows noted in Fig. 2(d) are associated with the

Powder Diffraction Data Files larger metallic lead crystallites. The obtained lattice spacings
d-,pacing,A, are compared to the International Centre for Diffraction Data

CNewtowne Square. PA) files for these different phases and
.. TEM XRD ICPDD* Grd No. listed in Table I.

ZrT'O: 3.59 3.61 34-415 Electron micrographs of the cross-sectional region between
2.93 2.93 the cermet and the ceramic are shown in Figs. 3(a)-(d).
2.53 2.516 Figure 3(a) is an SEM micrograph of the cermet/ceramic inter-
2.11 2.15 face. A typical bright-field micrograph of the interface is illus-
1.81 1.806 trated in Fig. 3(b): the volume reduction of the cermet phases.
2bO 3.87 3,856 26577 along with the pores and channel formation, is shown. No
"2.273 1.31- special cry stallographic orientation relationships have been
2.23 .. 2.23

1.59 1.584 found in this study; we believe this is the result of the textured
2.879 2.872 lead-metal crystallites being first nucleated and grown from

Lead 2.879 2.855 4-086 the random orientation of the piezoelectric ceramic grains.
2.49 2,475 Figure 3(c) shows a diffraction pattern from the piezoelectric

-~nterz::onai Centre for Powder Diffraction Data. Newtowne Square. PA. grain: the elongated spots in the (110) direction are typical
of the ferroelectric twin structures found in PZT grains.':
From the microscopy. it is clear that the interface between the
cermet and ceramic is relatively uniform. The roughness of

pattern contained within the metallic lead crystallites. Closer the interface, being only over a few grains along the length of
inspection of the Moire fringe contrast reveals a dislocation the cermet-ceramic, is represented schematically in Fig. 3(d).
structure associated with lattice parameter changes and very Figure 4(a) shows that there are two regimes within the perov-
little suggestion of lattice rotation as the source of the internal skite oxide resulting from the reduction process: these regions
stresses. Figure 2(e) is a selected-area diffraction pattern are labeled I and II in the SEM micrograph of a fractured

(a) (b)

ceramic

Scermet

(c) (d)

Fig. 3. ., SEM ima,,e of the cerme,.ceramic interface: (b) TEM bri•ht-fie!d imaze of the interface: (c) diffraction pattern of the PLZT ceramic.
•ho%%in=- :iit reflections [(0011 zone 'pot splitting consistent withj 110' % ir-- domains): and id) schematic representation of the cermed
cezarnl• :r..:er=ce.
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(a)C)

Fig. 4. 5-?I micrographs of (a) the interface, showing the two regions exising within the perovskite oxide:, bi fracture of region I: and (c) fracture
of region E.

cerrnet,,e:-mic interface. Region I reveals transgranular frac- frequency. and p the density. Geometrically determined densi-
ture. where.- region 1I reveals intergranular and transgranular ties reveal similar values for sections of the cermet phase and
fracture ".: is predominantly interganular. Also observed within ceramic phase: p = 7.5 X 10 kgam-1. This similarity is a direct
the grainr :- the complex ferroelastic domain structure typical consequence of the porosity contained within the cermet phase.
of a PZT .".-oelectric.'2  The obtained C' value for the nonreduced material is 15.5 x

The ,:.fe-rnce in the fracture behavior is believed to be the 10 N-m-2 . within the typical range expected for soft PZT.'`
result of initial modification of the grain boundaries in the For the RAINBOW material, this vahie is only C- = 14.4 X
form of :Le d oxide loss and reduction from the grain boundaries. 10 Nm-. By varying the relative thickness of the piezoelec-
The proce!- is the first stage of the reduction process, with the tiic and modeling the composite elastic stiffness with the series
second <:~e being the full reduction of the PZT grains into mixing:

the cerrne:.
The mr:,:rstructure features observed above account for the tl

evolutionr -' zhe cermet phase in the reduction process. as noted + (2)
by Haer;.Z.: Figure 5 summarizes the general features of the C:.. t,,C. /
reduction :rocess: the evolution of the thickness (r) versus ;' here is the piezoelectric thickness. t., the cermet thickness
reductior ::ne it) does not follow the ideal parabolic relation the total thickness is simpi' the sum of the components: i.e..

S D: where D is the diffusion coefficient). The micro- " . = .. - t"'). C? .,.. the piezoelectric elastic stiffness. and
graphs -a'. e. with the volumereduction and the channel for- -. the cem t elastic stiffness, and
marion. -,--uld account for this departure. The chemical C-.-.. t edc tic C.tistnossibTe. kn ave r and
reduction :-ocesses also are listed. 'arying :,. deduction of C- is possible. An average value of

10.0- . 10." N-m was obtained. Further verification of the
(2) Physical Properties elastic, coefficients was obtained from acoustic microscopy.

In ou: previous study of the resonance behavior of Acoustic microscopy allo%%s direct determination of the elastic
RAINBOW materials, we modeled the impedance data assum- coefficients via the velocity of the acoustic wave transmitted
ing simi --r elastic behavior between the ceramic and cermet through the material. A comparison of the two techniques is
phases. C.:,nsidering the new microstructural evidence, we presented in Table II. where good agreement is shown between
reconsidered this basic assumption. the.e measurements. A reduction in stiffness within the cermet

The de:..-7nination of the fundamental thickness mode allows sýtructure is noted: the metallic lead and interconnected porous
precise 7.eZ-urement of the elastic stiffness coefficient., ac
using the -foilowing relationship: Additionally. the lateral extensional mode of the RAINBOW

cantilever can be detemiined. Figure 6 shows the resonant
=t1 ) = 1H freuuencv versus inverse %% idth ( I iv) of the nonreduced piezo-

e!ectr:c cantilever with both ends free. Under these boundary
wkhere thickness of the sample. r, the parallel resonance conditions, the resonant frequency can be expressed as



2046 Journal of the American Ceramic Socier'-Elissalde et al. Vol. 79. No. 8

SC / - ... oc.o ...... 120

-R00- 7

-, -

PbO CO > Pb /2 O2
-00..O

CO .... > C + /20O 1 IO -

PbO -CO .... > Pb + CO, -________"_______

""0 15
,, tru•lntute5

Effect of reduction time on the reduced laxer thickness.

X

.,,, ,,..,.,....., Carbon b!ock

Fig. 5. Schematic representations of the general features involved in the reduction process of the ceramic to the RAINBOW material.

Table I. Elastic Stiffness Constant (lC) Values was determined to be 0.366. Such a value is in good agreement
Obtained from Resonance Method and Acoustic Microscopy with a previous reference" and confirms the validity of the

C? X L0- "N.m-) technique. In the lateral direction, the resonant frequency was
Technique Cermet Piezoelectric independent of the reduced and nonreduced phase thicknesses

SFig. 7).
Resonance 10.04 15.49 To complete this characterization, the coefficient d, of the
Acoustic microscopy 9.93 15.52 piezoelectric element was determined. From the resonance

method. the d, value obtained was - 150 X 10-- C/N. A direct
technique. the double-beam laser interferometer, was used to

S• , /2 verify the d3, value.' 7 Under an alternating-current- (ac-) driven
f= 5--3•• 0) electric field along the polarization direction (E3), the sample

•W/ [ ) deformation (A1L,/L,) and the strain (S,) are measured.
where -- is the width of the piezoelectric sample. p the density. Through the converse piezoelectric effect:
and C'. is the effective elastic constant where S3  s (AL/L,)

_d- = S, ( E3  (6)

C. - 5,(1 0- ) The obtained d, value of 141 X 10`2 C/N is in good

Sf1 is the elastic compliance, and oa is the Poisson ratio. From agreement with the previous value deduced from the resonance
Fig. 6. we can obtain C'. = 8.63 X 10'" N-m-2 . Also, via the method. Such a value is more characteristic of a hard PZT than

bending mode. the scan is obtained directly:'5  that expected for the soft PZT studied." This lower d,, value
can be explained by a reduction in the extrinsic domain wall

t 1contribution to d,, in the soft PLZT due to the high transverse
f = 1.0279 T--5SE-p (5) constraining stress.' From these piezoelectric resonance mea-

surements, the cermet microstrucmre clearly influences the den-
where L is the length of the cantilever. S, was determined to be sit- and elastic stiffness of the RAINBOW structures. which. in
13.36 / 10- N-m -'. From Eq. (4) cr for the nonreduced phase turn. controls the resonant modes.
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Dielectric measurements have been performed from room Physical properties that determine the resonance behavior.
temperature up to 250'C for nonreduced PLZT and RAINBOW such as density and elastic stiffness, are given considera-
samples. Figures 8(a) and (b) show the corresponding tempera- tion with the observed microstructure. Measurements of the
ture dependence of the dielectric constant, e', at different fre- elastic stiffness of the cermet were obtained via a thickness
quencies. It is interesting to note that removing the electrode on resonance mode and acoustic microscopy and showed excel-
the reduced face of the RAINBOW material does not change lent agreement.
the obtained results. verifying the conductive cermet phase to
be suitable as an electrode material. The Curie temperature is , Acknowledgments: The authors wish to thank Michael Hill of NIST
-200-C and remains the same when the frequency increases. iMaryland) for the acoustic microscopy measurements. Many thanks also go to
Such a result ts in agreement with a nonrelaxor such as PLZT Mark S. Aneelone for his technical inout on the SEM microscope.

and corresponds to a composition similar to 6/65/35, which is
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Determination of Young's modulus of the reduced layer of a piezoelectric
RAINBOW actuator
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The reduced and internally biased oxide wafer (RAINBOW) actuator, a new type of monolithic
piezoelectric bending device, is composed of a reduced electromechanically passive layer and an
unreduced piezoelectric layer. The determination of the elastik properties of the reduced layer is
important for optimizing actuator performance. In this paper. an analytical expression for bending
resonant frequency is derived for the cantilever RAINBOW actuator by using composite beam
theory'. A resonance method is then described for determining Young's modulus of the reduced
layer of RAINBOW actuator. As a piezoelectric bending actuator. RAINBOW can be excited by its
electromechanically active PZT layer without using any external excitation method. Young's
modulus can be calculated by measuring its resonant frequency. sample geometry, and densities of
component parts. For comparison, the Young's modulus is also determined by measuring the
resonant frequency of a completely reduced plate with an external acoustic excitation method. The
results obtained by these two excitation methods show good agreement. © 1998 American
Ihsritute of Physics. [S0021-8979(98)05010-5]

I. INTRODUCTION long time periodical driving. More recently, a new type of
monolithic piezoelectric/electrostrictive bending actuator,

In past few years, there has been a considerable research namely RAINBOW (reduced and internally biased oxide wa-
interest in developing novel materials and devices for elec- fer) device, was developed by Haertling 6 in Clemson Univer-
tromechanical applications.' Piezoelectric ceramic actuators sitv. It was reported that the RALN-BOW actuator offers some
convert electrical energy into mechanical energy via the in- unique advantages over conventional bimorph and unimorph

verse piezoelectric -effect. while piezoelectric ceramic sen- actuators such as: (i) monolithic composite structure provid-
sors convert external mechanical energy into an electric sig- ing good reliability, (ii) large axial displacement level due to
nal via the direct piezoelectric effect.- Due to these unique its domelike configuration. and i iii) high mechanical strength
electromechanical properties. together with some other ad- due to the existence of internal compressive pre-stresses.
vantages such as light weight. distributed characteristics. Since the appearance of the RAINBOW actuator. con-
high couoling factor, quick response. low energy consump- siderable research work has been conduced to characterize

tion and low cost. piezoelectric or electrostrictive ceramic the electromechanical properties of this device. 7'-0 It is be-
solid state actuators are receiving much attention for numer- lieved that the reduced layer has a different elastic modulus
ous applications including micromachines. acoustic sensing, with the active piezoelectric lead zirconate titanate (PZT) or
loud speakers. active vibration control. etc. The most typical lantanum modified lead zirconate titanate (PLZT) ceramic
piezoelectric actuators include multilayer stacks with internal layer. To achieve maximum output displacement and force
electrodes. bimorph/unimorph benders and flextensional level from the RAINBOW actuator. a suitable thickness ratio
composite actuators "moonie" and "'cymbal.'"3-5 The ad- of reduced layer and PZT or PLZT layer has to be designed
vantages of the multilayer actuator are its large generative and fabricated, which in turn requires the determination of
force and quick response speed. But small displacement and the elastic modulus of the reduced layer in this composite.
high capacitance make them impractical for certain applica- However, when discussing the characteristics of RAINBOW
tions. Bimorph or unimorph benders can be used in the cases actuators. previous works9.10 simply assumed that the re-
where large displacement is desirable and low force can be duced layer has the same Young's modulus as the piezoelec-
tolerable. For applications where intermediate level displace- tric PLZT layer, which may lead to inaccurate results in ac-
ment and generative force are required. composite actuator tuator design and fabrication.
moonie and cymbal can be applied. However, in all these Several methods could be used for accurate determina-
actuators reliability is always a concern. Performance degra- tion of elastic modulus. One is ultrasonic pulse-echo
dation. delamination, as well as fracture are usually observed technique."1 In this method, an ultrasonic beam is generated
in these actuators in practical applications due to bonding or by a transducer which is attached to the measured materials.
structure problems. espgecially when under high field and By measuring the sound velocity in the medium, the elastic

properties can be determined. The other is the resonance
"Electronic mail: qxw4@psu.edu method. By measuring the resonant frequency, elastic prop-
"'Author to whom correspondence should be addressed. erties can be calculated because resonant frequency is related

0021-8979i98;83(10)/5358/6/$15.00 5358 © 1998 American Institute of Physics
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PZT laver Reduced layer The neutral axis of the transformed RAINBOW cross
section is equal to the moments of the areas of the trans-
formed layers divided by the total cross-sectional area 3

W , ( Er/lEp) wt,.(tfl2) + wtpt (t/J2)]

LIK = (E,/Ep)WtrWtP (1)

where n is the position of the transformed neutral axis mea-
"sured with respect to the bottom of the reduced layer. Using

(b Cthe parallel-axis theorem,' 3 the area moment of inertia I1 is

(a) (b) (c) calculated for each layer as a moment of inertia plus a term

FIG. 1. (a) Schematic drawing of a cantilever RAINBOW actuator; (b) relative to the transformed neutral axis, i.e.,
actual cross section of RAINBOW actuator; (c) transformed cross section. = 2 2

to the structure, elastic properties and dimensions of mate- (2)

rial. For direct measurement of Young's modulus of the re- where A =E,/Ep, the equivalent flexural rigidity of the
duced layer of a thin RAINBOW actuator, the ultrasonic RAINBOW actuator is, therefore. E,1, and this can be used
pulse-echo method may have some technical difficulties due in Eq. (3) to determine the natral bending resonance
to the small density difference between the reduced layer and frequency, '4 fi, for a beam fixed at one end and free at the
remaining piezoelectric layer. The echo reflected from the other (i.e., cantilever) with uniform mass per unit length m
interface between these two layers could be too weak to mea- and the length L:
sure precisely.

In this paper, the resonance method is used to determine X j Epl,, 12

the Young's modulus of the reduced layer of a soft PZT- f'2--.L m---) (3)

based thin cantilever RAINBOW actuator. Taking into ac-
count the composite beam structure. an analytical expression Here. Young's modulus of the piezoelectric layer E, has to

is derived for the bending resonant frequency. Conveniently, be used because the reduced layer has been transformed with

the RAINBOW actuator can be driven internally due to its respect to it. Xj is the eigenvalue where i is an integer that

piezoelectric nature. Young's modulus can be calculated by describes the resonance mode number; for the first mode,

measuring its resonant frequency, sample geometry, and den- X, = 1.875, and for the second mode. \2=4.69.

sities. For comparison, the Young's modulus is also deter- For the uniform cantilever RAINBOW structure, the

mined by measuring the resonant frequency of a completely mass per unit length can be expressed as:

reduced plate with an external acoustic excitation method. m = w(tppp+ trPr), (4)

where pp and p, are the densities of piezoelectric ceramic
II. BENDING RESONANT FREQUENCY OF layer and reduced layer.

Substituting Eq. (1) into Eq. (2). we have Eq. (5):

The structure of a cantilevered RAINBOW actuator is Awt4r w3p+ Awtrtp t,-;" t;,)2shown schematically in Fig. l(a). Bending deformation oc- JC=--•-+-.-- (5)

curs during the reduction process in the RAINBOW actuator 12 12 4 Atr+tp
due to a thermal expansion coefficient difference between the Therefore. for the first bending resonance mode, the resonant
reduced conductive layer and the remaining PZT or PLZT frequency can be expressed as:

layer. which generates large internal stresses. Therefore, the
structure of a cantilever RAINBOW actuator is basically a 3.52 EP A t, tP+A
curved composite beam. We assume that the thickness of 2'rL,2 tP+trp) ! " j. + - -. 12 4r P P+ t~
reduced and piezoelectric layer are tr, and t., respectively.
The transformed section model 12 is used to redefine the (trtP) 2 1/2

RAINBOW structure. x At+ j} (6)

Figure l(b) shows the actual cross section of a RAIN-
BOW actuator. The effect of electrodes is ignored here be- Assuming the Young's modulus of the piezoelectric layer,
cause their thickness is much less than t, or tP,. The trans- the thickness of both reduced layer and piezoelectric layer,
formed section method for the composite beam allows the and materials densities are known, from the measured bend-
width of the beam layers to be proportioned by the ratio of ing resonance frequency, Young's modulus of the reduced
their Young's modulus, thereby defining the entire beam as layer can be calculated using Eq. (6).
having one Young's modulus. If the modulus for both re- As a special case, when E=Ep,=Er, P=Pp=Pr and t
duced layer and piezoelectric layer are Er and EP, , respec- =r, t t, Eq. (6) can be simplified to:

tively. the transformed width of the reduced layer is E,/EP 3.52t E /tt
of its original width as shown in Fig. 1(c). The transformed E- \ • 7
structure behaves as though it has a single modulus of EP,. T)(
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This is exacthl the fundamental bending resonance frequency Loud-speaker" ~MT1 2000

for a cantilever single beam structure and for a cantilever E'otonic Sensor

bimorph actuator.

R.ANBOW actuatoror completely --

III. EXPERIMENT reced ly Lock-in

A. Preparation of RAINBOW actuator 
Ampli

[MicropositionerI
The preparation processing for the RAINBOW actuators

is similar to that reported by Haertling. 7 Commercial Mo- FIG. . Acoustic excitation for resonant frequency measurement.
torola soft PZT 3203 HD (5H-type) ceramics were purchased Fs
for fabricating the RAINBOW actuator. The rectangular ce-
ramic block was cut into thin plates with dimension of 55.0 bimorph actuator with similar dimension was prepared by
mmX 15.0 mmx 1.01 mm. After cutting, the ceramic plate bonding two thin PZT plates with opposite polarization di-
was placed on a piece of high density flat carbon block with rections (series connection). The dimension of each PZT thinrectionssuseries connection).ThewdsmensionhofteachoP9T5thi
ground surface. This assembly was then heated to 975 'C plate is 60.0 mm in length, 6.68 mm in width and 0.55 mm in
with a heating rate of 300 'C per hour in a furnace at normal thickness. The thickness of silver epoxy bonding layer is less
air atmosphere. The PZT ceramic plate was treated at a tern- than 10 m. Thus its effect can be ignored. The bending
pe-,ature of 975 'C for 8 h and then cooled down to room resonance frequency of the bimorph actuator was also ob-
temperature rapidly. Here, to achieve a certain reduced layer tained through the impedance/phase measurement. Densities
thickness. a suitable reduction temperature and time should of completely reduced samples and PZT ceramic samples
be chosen. which depend on material properties such as grain were measured by using a water immersion method.
size, density and chemical nature. The reduction of the PZT For comparison, the Young's modulus of the reduced
ceramic plate occurs as a result of oxidation of the solid layer was also determined by measuring the resonant fre-
carbon block. As a consequence of this heat treatment, an quency of a completely reduced thin plate with the external

electrically conducive but electromechanically inert layer acoustic excitation method. In this case Eq. (7) was used.
with black color was formed. Due to the thermal expansion The experimental setup is shown in Fig. 2. A variable-
mismatch between the reduced layer and the PZT layer, large frequency signal generator is connected to a small loud-
internal stress was generated in the the ceramic part, which speaker to produce a mechanical driving vibration. One end
results in bending deformation of ceramic plate after cooling, of the sample is clamped. An optical displacement measure-

A very' sharp reduced layer/PZT interface was observed by ment system (MTI 2000 Fotonic Sensor, MTI Instrument) is
using an optical microscope and the thickness of the reduced used to detect the amplitude of vibration of the cantilever. Alayer and PZT layer, tr=0 .4 2 mm. vri=0.60 mm, are mea-
suyereand. The RaINBOW actuato2 w then mmectroed byms- very small mirror, made by sputtering thin gold film on a

small glass piece, is attached to the cantilever tip for reflect-
tering gold on the major surfaces and poled under a dc fieldC - ing the incident light from an optic probe. A lock-in ampli-I
of 2.0 kV/mm in fluorinert poling oil at 90 °C for 1 mn. fier SR830 DSP, Stanford Research System. Inc.) which
After poling, it was observed that the RAINBOW actuator synchronized with the output voltage of the signal generator
become flatter. indicating that the internal thermal stress was is used to measure the output sig-nal from the M.TI sensor.
partially released.

B. Measurement IV. RESULTS AND DISCUSSION

Usually there are three methods that may be used to Densities of r'educed layer and PZT ceramic are listed in

excite the thin cantilever structure for resonance Table I. It is found that the reduced layer has a higher density
measurement:15 (1) acoustic excitation using a loud-speaker; than PZT ceramics. The density change is due to the loss of

(2) mechanical excitation using a piezoelectric transducer: oxygen and the formation of heavy metal Pb during the re-

(3) photothermal excitation using a laser beam. In the case of duction processing. X-ray diffraction analysis indicated that

resonance measurement of the RAINBOW actuator, due to the reduced layer is a mixture of metal oxides such as ZrO2

the intrinsic piezoelectric activity of poled PZT ceramic and TiO,. metal Pb, and partially reduced PZT ceramic

layer. when the electric field is applied on the PZT layer, phases. Scanning electron microscopy (SEM) observation

lateral dimensional change will be induced. However, this demonstrated that a continuous lead metal phase is located

dimensional change is opposed by the reduced layer. As a
consequence. a bending vibration is generated. As in any
other piezoelectric resonator, drastic changes of both electri- TABLE I. Physical properties of piezoelectric PZT-based RAINBOW

actuator.

cal impedance and phase can be observed at bending reso-

nance. Therefore, the resonant frequency of the RAINBOW Density of PZT layer pp 7.889 g/mm-'

actuator can be obtained through impedance/phase spectrum Density of reduced layer p, 8.013 g/mM3

measurement under electric field excitation. An impedance/ Thickness of PZT layer rt 0.60 mm
Thickness of reduced layer rt 0.42 mm

gain phase analyzer (Model HP4194A, Hewlett-Packard Co., Young's modulus of PZT E" 3.4x 10'0 N/re

Palo Alto. CA) was used for resonant measurement. To mea- Young's modulus of reduced layer E, 2.88X 1010 N/rn2

sure the Young's modulus of the PZT layer. a cantilever PZT
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FIG. 3. A typical electrical impedance/phase spectra for a cantilever piezoelectric RAINBOW actuator with dimension of L=44.6 mm. w=6.31 mm. t,=0.42
mm. and t, '=0.60 mm.

intergranularly around the oxide phase which contributes to also measured by the same technique for the determination
the metallic conduction behavior of the reduced layer. 10 The of Young's modulus of PZT ceramics.
metal phase has a much larger thermal expansion coefficient To reduced errors in the measurement of resonant fre-
than PZT ceramics. When cooled down to room temperature quency, several RAINBOW and bimorph actuators with dif-
after reduction, large thermal stress will be generated, which ferent lengths but the same thickness and width are used in
causes the bending curvature of RAINBOW actuators. How- the measurement. In Eqs. (6) and (7), the bending resonant
ever. this residual thermal stress can be partially released in frequency f, is proportional to I/L2:
the poling process. Under dc electric field, ferroelectric do-
mains, oriented favorably with respect to poling field, grow f k x 1
in size at the expense of those less favorably oriented. Non- f (8)

1800 domain reorientation will cause dimension change. As
a result, there is a small expansion along the poling axis and by plotting the bending resonant frequency f, against IlL2, a
a contraction in the direction perpendicular to the poling straight line should be obtained with a slope:
axis. This domain orientation during poling will tend to re- 3.52( E,. "12[ At-' ' At
duce elastic energy existing in the sample. Therefore, the k=- t ,+ , 12 +
RAINBOW actuator become flatter after poling. 2ff +tp /t 12

For the determination of the bending resonant frequency (t,.+ tP) 2 11/2
of the cantilever RAINBOW actuators, the electrical imped- x -- •.t (9)
ance and phase spectra of pre-poled and electroded RAIN-
BOW actuator were measured. Figure 3 shows a typical im- for cantilever RAINBOW actuators, or:
pedance and phase spectrum for a cantilever piezoelectric

RAINBOW actuator with a length of 44.6 mm. At bending . *3.52t( Ep ) (/2
resonance. according to the electromechanical coupling in k 4 (10)
piezoelectric materials, the electrical impedance reaches

minimum, which can be read out directly from the HP im- for bimorph actuators so that the Young's modulus can be
pedance analyzer. After the determination of the bending calculated.
resonant frequency, the Young's modulus of the reduced The bending resonant frequencies fI, as a function of 1/
layer can be calculated by simply using Eq. (6) if the L' for both cantilever bimorph and RAINBOW actuators are
Young's modulus of the PZT ceramic layer and the thickness depicted in Figs. 4 and 5, respectively. As expected, straight
of both reduced layer and PZT layer are known. The thick- lines are obtained in both cases. The Young's modulus of
ness of the reduced layer and the PZT layer, which is mea- PZT ceramics was first calculated from the slope of Fig. 4.
sured by an optical microscope. are also listed in Table I. The result is EP=3.4X 1010 N/m-. This value and the slope
The bending resonant frequency of the bimorph actuator was obtained from Fig. 5 are then substituted into Eq. (9), and A
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FIG. 4. Bending resonant frequency f, as a function of IlL2 for bimorph
actuator bimorph thickness t= 1.1 mm, width w=6.68 mm. 140 . . .

120

can be calculated through nonlinear numerical fitting. The 100 slope 0.131

result is A=0.84739, thus the Young's modulus of reduced
layer is obtained: E,=2.88X 1020 N/m2.

The value of Young's modulus of PZT ceramic thus ob- 2 60
tained is on the same order of magnitude but lower than the
data provided by the manufacturer, which is Ef1=6.2X 1010 40

N/rm2.16 The reason for this may be due to the difference 20
measurement technique. It was found that if we substituted
these data to calculate the Young's modulus of the reduced 0

layer, the result obtained. was unreasonably low. For c6m- 0 200 400 600 800 1000 1200

parison purposes, a completely reduced thin sheet was cut I/L1 (W2)

for the direct measurement of Young's modulus. A small (b)

loud-speaker was used as an external acoustic excitation FIG. 6. (a) Frequency spectra of displacement amplitude and phase for a

source for the determination of the fundamental bending completely reduced cantilever (driving source: louder speaker); (b) bending

resonant frequency of a cantilever beam made from this resonant frequency f, as a function of I/L2 for a completely reduced can-

completely reduced plate. In Fig. 6(a), the vibrational ampli- tilever sample, w=9.8 mm, t=0.42 mm.

tude and phase of this cantilever beam is plotted against the
driving frequency of the loud-speaker. Its bending resonant

frequency can be determined, which corresponds to the am- te a lculted value is val the smalledifferen a

plitude maximum of the cantilever vibration. Fig. 6(b) shows be accounted for by the fact that the reduced layer in a

the plot of resonant frequency against IlL2. From the slope. RAINBOW actuator is subjected to internal stress, while the

the Young's modulus of this reduced sheet can be deter- completely reduced sample is free of internal stress. The

mined by Eq. (6). The result is E,= 2 .9 8 X 1010 N/m 2, which measuremental error is another possible reason.

is in good agreement with the calculated value, indicating On the other hand, because the RAINBOW actuator can
be regarded as two different layers bonded mechanically in
parallel to the length direction. The Young's modulus of the

6o00 •whole composite beam structure along the length can be rep-
resented by the empirical mixing rule:17

- Slope 0.32691 Ect, = EptP +tErt, ( 1)

400' 4where E, and t, are the effective Young's modulus and total
0thickness'of composite beam. We can calculate E, by Eq.

3 (10) using the slope of Fig. 5 and the density of composite
0 p, which is obtained by Pct=Prr,+Pptp. The result is

2 00
SE,=3.125X 1010 N/m 2. Substituting this result into Eq. (11),

• 100 E, can be calculated as: 2.73X 1010 N/m2, which agrees quite
well with the value calculated by Eq. (9). However, it is

00 believed that Eq. (9) is more accurate for Young's modulus
500 1000 1determination.

I/L2 (M-') The accuracy in the determination of Young's modulus

FIG. 5. Bending resonant frequency f, of RAINBOW actuators as a func- depends on the errors introduced in the measurements of
tion of IlL2 for Young's modulus determination: t,=0.42 umm. t,=0.60 mm. density, thickness, length and resolution of resonant fre-
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Application of Ferroelectrics 2, 767-770 (31996)

CHARACTERISTICS OF SHEARNMODE PEEZO ELECTRIC A=iATORS

Qing,-ming Wang& Baomin Xii. V. D. KI-1gel and L. E. Cross

187 fatercollege Miater;IMls Rdesearh Laboratory
The Pennsylvania S~tae LUnive-rsity,

UniversitY PMrk.\- PA 16S01

.Char~xcteristics of cantilever shear mode resoinant fre'quencY and low dr"Mng forme. For fiex'reasionaL
p Jezcltric acruator have been investigated. in this =omtosire actuator, two typical examples ame so-called
wtnator coflfiguration, soft PZT ceramic Plate was poled *Moonic* and (cUbl (3)zrs~ which consist of a
alu length and driven across its thickness, withi one end Pi==enoieMrc or efectostricrve --amic disk and metal end-
njcanicnlyv clamped and the other fmee Experimental == ns.'Th Ceramic is exhdin an extensional mode and the

results indicated that relative lar-ge tip displacement can metat~l c~aps in a fle~xure Z1ode. 7ne metal end-caps ac: as a
be obtained thriough nonlinear Piewolectric response at =ecchanical transf'ormer co nanng and ampiifyin the radia
high driving leid.. Due to lateral shear force, mechanical Cipamnt ce-ramic ds noLna xa oo

bening aLso contributes to the tip displacement of shear 1mg-e cffecctrve d33 coeffitier nt be obtained in -moonie'
mode Qartaor. The fundamental beading resonant and Oam.bal" actutors wrinch results is quite Large
frequency was observed in the frequency range from 150) disnlacaIaent Ilevels.
ffz to 600 Hz. depending on thickness and length of MNonomorph acm-ator '*,basically a modifed
actuator. We also found that the resoinant frequency of uno'UaTaor C.e rm a eionutv
bending vibrarion is dependent on the driving field inee ic eric H"sercadwth ern

ecause of elastic noolinearities. Two laver and multilayer eetas.Quite a large --4- disrincement (lOOuLm) ar-;sas
hear made actuatocrs were also developed to reduce the frc= non-unifrm disn-ai:c'n of the eeacfield Wbich,
ri-vina iol-rage. while shiftingr the beadinq resonance to oc-. at smcnuo-eieero intert-ace. 7 an
f.gher frequency range by increasing, :he total thickness cnc~crh actuator has a statue mcmre in which bonding,
if actuator. =ra is usually found in t"--c=a or bimorch s~c.ure ca

be rvcided. A more ==- &dce, Rainbow actuatr.
(e wo rds: PZ~ Ceramic actuator. S;hear dodavelcne=d by Hedn is :.,'w a monolithic unirnornh-t-7,p

cccactuator which :s rr'dby selecavvely rednhmzn
L Introductfon or- s.- a of a PLZ17c.:~e on carbon black at hda

:en r --r. The reduced ivrs a good eenclconduct-or
Pieneiec~c eramc mreriis sch s led ad it act-s as both the =dencs and ne.- par, of the

dcae h" ~ (P-771 have been--2 .. e as solid-State a=-:t.r. Thecre is a very Ln :rlpestssdeveic=ed
. =~raad sens-ors for many appiiczatioMS such' as ureaisin in L!:e ?Rraibow actuatr -.= ctzcng processing, It vas

)siricni=g . cisa and vibration sensizg and cancellation.z rcr.ed'' that Ranbow :=r is c.~mble or achiev& c ve:;-
udrspezke. 7-;-=r motor. and manry cther-s ~.The three hiha'Ia dislac:emen (>,ICCO L=n) and sustaining moderate

os 0=0tntn -,--S of piezoele--cncartr are muLtilgye. rssrs
a~tra.bimorph or unimoral hctuatrs and Cbcviouslv. med-ancni =odon generated by all the

'~rensicnal cnsire actuators. Mulizlver actuaors, in aboVe =rarnic a cttaors urinsor is related- to either d-.
cl, aboUt 100 tin ceramic sheets rcsckdtogether with 1on-4tudinai mode or d unse mode. It is interesting, to

era eetrdsutilizing the dire-. ~'-'nr.:cnal mode (d33  ncte- t!at although the d. whmich2 =uples to the shear mode- is
1K. are c!:aractenned by large geeratetd force, high Uthe hig~esz coeffic~iet in salt PZT czramnic rnate.rials.

crehn cicoupling, high resonant frequency, low piezoelect.ric shear vibration =ad: is seldom used in acnuator
'ýzzvoita~- &d quick response but sz:all displace~ment and ,=-s-thcer applications. La uhds paper. cantilever she~ar
(or, the ct!her- hand. bimorph or uinmorph actuatoirs rmode'- actuator and' its charzzcte-utcs %,ill be presented. In this

L-t of two thiin ceamic sheets or one cainic and one ac7=ator. ceramlic plate is oidalong length and di-h-en
zal sheer bcuadzd together with the cciiing and driving ac-..ss its thickness with ore .-nd :amned and the other end

nor-----o * I to the interface. Whe. driving, the free. 7eadvantage of cnevrshear mode actuator is its
rrmrive exteristo~n and shrinkage of ceramic sheets due to siracie. monolithic sr-,c-ue which allows for easy

*erzaernod~e,( result in a pur-e bending vibration. faibr'.*zicri. However, its I ianet evl is rzlativelyý Low
orph and Lnirnorph actuators cng:.nerate large cc mcar.= -g with bimorph or -uzizorph actuators.

"f.accraent levl ut low elec-tro-mechanlocl cupling, low



IL Experimental Procedures attached on the acruator tip for reflecting the incident lighj
from optic fiber. When actuator vibrates under ac fielc

(I) Sample preparation: driving, the reflected light is detected and trinsferred tc
voltage signal or displacment signal by the sensor. The optic

In d-tis study, Soft PZT 3203HD (Motorola Ceramic fiber head was mounted on an XYZ micropositioner which

Prodi-uct. AlbuCuerque, New Me.dco) ceramic material was provides distance adjustment against the measured actuator.

used to pre-ar-e shear mode acator. Rectangular cer-mic Nfaal calibration was performed to determine the

block rith dimensions of 38.1 mm x 38.1 mm x 25.4 mmn correspondence of displacement and output signal of the

was ele_-cred with air-dry silver paste and poled at a sens=r. The AC signal generated by DS345 function
temper.aure of 900C in oil bath for 45 minute under dc generator (Stanford Research System, Inc.) was amplified
elen--"c field of 1.3 kVlmm along its length. After poling, *the through a powder amplifier (790 seim, PCB Piezotronics
c---mic block was aged for more than one week at room Inc.). The output of the power amplifier was then applied on
tmm re., - Then d33 coefcient was measred by using the c-ramic actator. A lock-in ampliffer (SRS30 DSP,
Beriincourt d3 meter. The measured value, 684 x 10"2 miV, Staxeord Rsearch System, I=.) which synchronized with the
com ring with 650 x 10" m/V provided by man=ufc ourp' voltage of the power amplifier was used to measure

d em e-. indicates the c'r-mic block was well poled. Then the ourpt signal from MT1 sensor. An Oscilloscope was also
the silver e.imodes were removed and the poled cernmic used to monitor the applied voltage and output signal from

block was cr into thin plates with 38.1 m length, 12.3 mm NM sensor. The maxm output voltage of the power
wid&h and rhickess from 0.3 mm to 1.6 mm. Gold electrodes amplier is 300 volts RMS. When even higher driving field is
,er scuzrere-- on the major strf= for applying elec'ic needed. a power sourc. with mx'dmum output voltage of -500

fie!d a=,-'ss thi-ckess. One end of r--amic plate was clamped Volts is used.
with ricd p-lsc s ot which is mounted on an optic plate
with =i=. .cs.'toner (Ealing Ek.:e=4-tics, Inc.) while thte 13L Results and Discussions
other, end e.

Linear piece!eci: shear strain. dp displacemenr
(2) ,feas-r-.e:t and loc•idng for pure shear mode actuator n be written as:

7o :-z!-a=&e-ze the shear =ode actuators. the d= X3 = d.s , (E)
cisniace-N, was measured as funca-ci of both frequency and

dr-r,-ig ,= The measurement s-Tzm was schemati-aly = d.s E, L, (2)
shown'a n£ in.: . M7I000 Fotonic' r ensce(.MIInsamme=)

'Was .used for d iacement mesmet.A small mirror w',.is

) !P-cwer s I t..iI-
IArr~.-iff r Gte

,OI.O Cs am' 0 20 •
30 a

12 250

Amlifer 20

- 0 so 10 o 00 20 30 a

E (V/mm)
Fi •,gre 2. Driving field di:xndcrc of dp displac=ent of shear =uator

•..- ern,,entw Set-up for ci.plaacgnment measumment wire diffrem thichness (L = 32.'== w = 12.3 mm)



and piezoelectric coefficents will increase"). Our
d. E, w t e~x--perimental results,') on various PZT ceramic materials

F. E (3) indic:te that piezoeleooric dij coefficient increase as dri'ving
sL, field amplitude. Especially for soft PZT, nonlinearit- occ--rs

even at relatively low elect"ic ield level which consequentIy-

, r are actuator length, width and thickness contributes to the nonlinear electric field response of tip
r• is the s•,I,, " =r ponent of the elasic compliance of PZf displacement of the cantiln:er shear mode actuators. On the

J"I tC 5fl , acodn oeutos 2 n 3,bt i other hand, for cantilever shea made acrtuator, one end is
e i:£. C rl. according to eaon (2) and (3), both ti= thus can not generate pure shear

and bLockng force am proportonal to driving motion under high driving field. Due to this boundar-

e ore'er, tip displacement is it of actuor condition. a lateral forc= wc perpendicular to the actator
,a a se= field. Shown in Fig. 2 is the electric field s willbeprodacedwhendrivinguner elecicfield.a

oi of ti displacement for shear mode a=aor with the casw of thin ceramic plate, mechanical bending wil t
df'C tfticS•es& We can see tha rzire than predicted by be easily reslted which eran the tip dislacmet of
eq. (2), tip d laer-erit is dependent on ac=a thickness . cem lc actuator. The thinner the ceramic plate, which is
Quie a n~p & ac. ent level (40.urn) wUs obtained by. eaz.cer to be bent thus the larger the tip displacement. The
S mode ===r with thickmess of 037 ram under electric idud mechaical bendig moc can be further carkfed by

Ield of aboX 3Z5 V/amm. For a gtvea fe-d, as the actuator F' I•c•.ess~~~~~ ~~~~ 1.--'&" th i i-• • • Lo=.3 which shows rens!:ans of tip dislacne=

thick-Z d= s the -t dzspia= irs. And also, for sbhr actuator with 0.9 mm thices under dr-ving
tp dis;-ice is not linearty propordoioal to electrical field feld of 100 V/i=. "he o--ved n b g
it is dr.'ving field range. Two resons may accot resOnn ofre0uenc 273 observ imental rendin.s

re •~in fttuev Ls Z-73 Far Mperuetl resitits &0s
for t e r.,-lts: ZDIIeA~r p~O-e~.!-€ ,-•. e trder hig~h, shows t at a given drihmg !fed level, as actuator thick=es

dd~n~ iel leelfor soft Pzr enicL and inducted.feua~ ieryicess ssoni
mec~.~cel oa=-.gdueC to lateral shea4 c:rt. - heasmtino

F-or "-e-r des cera s such : S. linea.r . Using the ss -'*i of a homogeneous ce.-,mic
sman .=Ize. the fundamental b resonant feauencv of a

iisz l.-ei.--- o-'. . =ris s c ever actuator =.oe ,ne-Mverd as:si•., l'.-Z. e matrial prc.•-•: prtrided b."

manure a= all measured- und,- =all sipal Ilevel.
H~owcve.- as d=iven field amplitude incaa-ses. the charge,*. 0161 (r/[.:)-()
octrpu or sr -~ sponse duxe to !len: 'ed will in *-- s
nonLfz:r-._iV. Cc..secuently. the effhC've -. "icnic con•sa•

25 r. .. .. ...... ** .....................

b en!ding mode O

3CO3

0 CC0 200 300 400 500 600 0.2 0.4 0.8 03 1 1.2 1 1 1" "

ru 3. vT cascli~renct as function of rreutency for shear =n~uaor with ~ ~ r .Bedn o f t~q.~yaunction of ma==or t±hic.'1gS
c mrgurme 4. Bending (3escninthflflc 0.9 rnat. CL na'",m'a w = 127.3 mm. dnvul i:;d 10 [0 V/rMM) MM:3:.. Wam 0 f :.3r



indictinngf, is Proportional to actuator thickness, which is in displacement. The blocking force is now dependent on
good agr"nen: with ex-perimental da. By Eq. (4), using thxe electrc field in a quite complex way since tip displacement is

~r re nt frequency, meaanical compliance S' not a linear function of driving field for cantilever shear modemeaue itmn frqec. Zai~lcmlac z Cr.tor.

could be calculated. However, further e-perimental results It should be noted that in piezoelectric sher mode
(Fig. 5) show that the bending resonn frequency is strongly acuator, large tip displacme-•et can only be achieved when
dependent on dri-ving electric field: as the amplitude of using thin ceramic plate e undtr high driving fied In some

field inlcreses, resonant fr-equency decreases. u g ~ ~ P~L~ ~hdTlgfed nsmdriving aiendn , n•ariications which require low dplacement level but large
nere..for- me-tchical complianc.Se in Eq. (4) is dependen ror=•.. two-layer or multila-er shear mode actuator could be

on driving field amplitude. This is due to elastic used. In these actuators, thin ceramic plates with anti-
nonlinetirides of piezoelecric ceramics. In Eq. (4) z is the p:ralel poling direction are bonded together mechanicfV in

series and electically in paralel Low driving voltage could
linear e~la.•c cotunliance. When l~ezoelecuric ceramic is be msed due to md=d uidividual lae t.•ckne~s.

driven under high electric field, nonlinr elasti COefficts M im crtaI results on to-layer actuators indi:e thaihave.imnm resot be rvm.• i=or andiu
hzve to: be t = into accounL bending reonan frquen., is proportional to the total

ac="ior thickness thus can be shift to higher frequ.en" range
r.t +s'T sT I T, Tb (7) by using more lavers.

The nonliner elastic coeffients are directly related to and IV. Summary

nount for the sbift of resonant freqc=cy .

Qaite a large blocking forme can be generated in pure Charateristc of =e==Iecuic shear mode acruator

sher" mode vf'rarion and this shear force is independent of hzve been investigaed. Due to both nonliner pieoe!ec='c

acm::or len=th (Eq. (3)). However. when induced bending --- Pc=se and electric field i',r.4 mechanical bending quite

vibraton occurs under high driving !='d leveL blocking force a iarge tip displacement = be obtained. The resonant

wlf be Vea -=!y uc and can be wr~nas: --~cy of bending vfocmticn is dependent on the drr-ving
beause ofeic C oas ao ties.

Z-o r,, (6)

Waere 2' is Y '~s modulus of cic ior. Jistip 7=is work was su•porm-- rhe Office of Naval researcW-• : isYo u=•' moulusof r.--•€ .%mnor.8 is•ip=.-c:the contr",.N001O9•1 4
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Acomparative analysis of piezo electric bending-md cutr
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th- I sr.~aran Years novel p ee b en'4i' ac arsr have been develoced- =_j2WcAM&Bow,
c~2s~N~d 33 bimarph and 7MUMERL A op=V~ e~a eSdgaMon Of C;31ca cbarar-isdc

thes dr-ic-_s along with coavezzdcnal d3l bimoroh andto azcmaors was canrftced in !ýs work All ==nduc_-.
~ rabzed:-cm sOft picetnc rjics. The --,ceexa r-mn.s show thnz d33 bior# and ==anmrh ele= zs
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_=Z== X of& mez...*-I c d, bV.c . -,c-s concct zz2 -*-.-~ ve-o of

c :: L(b) Flenu-=1 aioccn cf ule uzz: c= Z-'~ i-in under the v:i~ citae.



Another widely used bending actuator is uni~orph (Fig. 2).: The unimorph ac~uator consists of the non-
piezoelecnc and electroded piezoelectric plates bonded rogerthe,-. H--,e, like in the piezoelect-ic bimorph, the piezoelectric
effect in th~e directon perpendicular to the polar axis (coefiemet d~j) Zgenerates flexural displac~ent.

U

Fig, .2 A schematic view of the piezoelectric d3l unimorph canrevenr with rectangular =oS-secQoL

A new tye of bending piezoelectric actuatr nae~d PLALIBQW (standing for Rcda And Internally Biased
O.-.de Wax:=) has recently be=n deveioped. Thius is a monclinhic b~der in which the ceamic is subjected to a seiec~ve high

tee~~ereduction with -4hbitemi an o~ddizing a~osnhere- resultng in a reduced an=ezoee!-ccic layer with metallic
eIec%-i-caI conduct~vty and an iinrducd piezoeiec~ic Lay-e. 7be vmsudrng st~ess-biased monolithic unimorph has domeale
s==ur_ (7ig. 3) because of differnc in the themal1 con-COn off ze-duced and non-reduced cam~ of fhe cermnic plx&eIt
was staed thatn the actuator cangnrt significsn axial diSplCeIP

F~. g~. A. sc-he~atc vie-v of ?RANE-07 actuator.

=_A_'MBOW (stands for CZA ~ic Biased Oxide 1"WaIf) iz oeicn act uator is anzother stress-biased unim~orph
act-aaror in. which metal and elecuocded ceramc plates are- toe e goether at an elevated :eeaueusing appropriate
sod, C=,arur develovs as the C-zqAlvOW is cooled :o mcam :e~rerarure since the metal and ceramics have different
coe inenz off the thermal t-pansion. CEAMBOW has the same share as RAZhJBOW (Fie, 4). A =uh more reliable way
for szeress-ýbiased actuators fa~brication has been sugggestedl by the auttors. Dome shape of this 5- mi-biased unimorph named
CRE-SCEN-L (Frig. 4) is achieved by banding metal and e!=ecded- piezzoeleccic plates at a high tezperature using spe-cial
epoxies (c=-ng texnemr:tx is 200-400 OC). If fbricated an r same :e__Vrre the C VABOW and CRESCN have
siinila. eeomcaclpropermes.

A-zcnher new class of bimorph and unimorph. ac-_zrcr-, =-717--g piezoelectric 4d3 ccee!:ent has recently bee=
dce-;ecped'5 7ais caterpillar-type pie=' lecuic 433 =anSdUCe_ =ms-stz of piencelleccac segments bonded by a polymeric agent
by a dcing=. and layering tectnicue (Fig. 5). it is the piezzeiecric effec= along polar axis P, (c*!ýcienr d33) that caues
flecnal diplace-ment in these namsducers. Since: piezoel-c-= d33 c~in in commercial piezoelecutic ceramics is 2-2.2
time large thLan d~i, this trnnsduce-r.generates significantly ze dir lacem~ent than caonventional piezoelecric d3l bimorph
and umiincr-,h actuators.
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Figa 4. SchemLadc view of CEAIV2OW (CRESCNT).

,m-AL~mxTE

Fig. 59. A scl- IHC View Of the Mri~ar-tvPe di3 nimmorph ac--zl.cr. In :ie case of a bimor c-rstisd of two similar
piezoe.ecc =!a=s the mzetal plate is repisced by the same pizien:ar.

P.-c.vanother type of unimcr-h stress-bi.asnededc ac.-tor - THJNDER - (sm'nds for ThFn Jay=r
tUnimcr,-I D±r.-7=. and sensor) has been .-.orte& The technic-=e of -,73-LtN.DE fabricason consist of high tep&mpe.-az
bonding (300-3-50 *C) of an elcodd craic plate with fasi.Sils using LARC~-SI polvizaid: adlede develoned at
NASA. 7he fSoil- are- canmented from both surce of the ceru:miC -.I=.e and :!z- thickness of the meml foils on one nas-. coff
the =-rnic Plaze is much thick-er than on the other (Fig. 6). A-ter the- high. temrez-axire bonding, the sncaeis Sive an
additicnai ben-z by zme-chanical pressig to inc~rease c*=Nare. N-a publishmed data are available 'Lo date for e-valuan

e~ecmechmi~iproperties of ThFUNDML

O P mrn

ig. 6. Sc!:ieinzdi view of TH NZDM

Thus. s-.e~.'eal new types of pieoe.'ec.=c bending acnamtors hzve emierged during ihe last several years. A
om~a-at~ve an~alysis of their elecn-om.-chanical properties is ix-d--o the need of the ho;r. Therefore this work was

denzken: in arrempt to find and use unified criteria for the de.-i-cc charazcerization. The approach used is described in



s-ction 2. E.xperimental procedure, and results are presenred i section 3. Finally, discussion and summary are given in

se-tion 4.

2. REPRESENTATION OF L.XTERIMENTAL DATA
Ac-uators consisting of plates with rectangular cross-s=---ion have only been considered in this wor Since in many

ins, ancz piezoelectric bending acators are used in the cantdle'er confguration where one end of the actuator is clamped
and the second one vibrates =d..- or without an exte=-.a load (Fig. 1), this configuration was used for the actator
chmaraCer--i.ton.

In the cantilever confgation mechanical load is usually applied to the vibrating end of the cantilever. Thereore

the most important quasistatic cbx=censcs are the fr displa=m=t 11 (Fig. 1) of the vb-&ng end and the blocidng

for- F-a when i1=O. For piezoeleic bimorph and unimorph actuators'

3 d P
2 d-,. t • (1)

3 dtF, =S I

wht'r d is the piezoelec'ic cofc!= of ceramics, s is the mechanical com.lance of crmcs in the directionXimdr the
c~ons•-ann •--ec field E (Fig. 1), E = Ulf, for all actuators ex:pt for d3 bimorph and imirnrph for which E = U/lt (F,,.

5), 1, w, a=d r, are the dimensions of the piezoelectric plate ofthe carilirers (Figs. 1 and 2), and kj and kx are dispNC~ en

and bloc5ag force coefcients, respcvely. For conve -ional piezoelec•-ic d31 bimorph and muimoomh actuators (Figs. I

and 2) piele--ic coeenr d:j and mechanical comFT " s should be used in equation (1); for d43 tansdU=3 d33

and s: should be used.
F=r bimoruh cantileve-- dislac:m=ent and blc z for c, oef-e2ts in equation (1) are. -ual to 1, for un-ior-h

k = 2.S. '-,

w - is the thiciess of the :cU-.iezoelec=t.c plate (7:g. 2) and T. is the Young's modulus of the non-piezoe lechoic
plzat. As f�olows from the an•,t s ec ution (2) ftcc- -. anrd k,ý derend on the ratio of thickesses x and Young's
inoduli~-.' rff acn-pizelle•e c and :i-eiec'i plates. "-e iarg•r y is, the hiher the value of .• and k,_ for optimu.=

A ,-s sh -ws thar ma.dum value o, Ž is 0.5 and cor.,o.ding .- is 2.
F:r s-ess-biased unimor-h actaators lie RAz'rOW, CM•-.MŽ OW, and CBSCEN-T, m:-ne-iaic sa1=s ar.'; g

in the-e == :s-.= dizing de,,ici abriction and poLin-g c!:a= es eilec- mechanical propce:rs of ceramics. Therefore

ea- non (1) for these acuators can In wrien as
3 1d

2,r' -'
3 d wt ,rzkkmo

when dý1 and s.' are the piezce!e--- and mechanical c==1i.anc c.ef-lcients of the piezoei•-ecnc c---amics before the

de.i= abr-i-ang, A and k, are :.. s equal to r-!a&.e change in d3i and d 1/si' respectve!y as a result of the acting

me =cal st-e-s. Coefcients ki and .. in equation (3) st cultd be calcilated using equation (2) for values of piezoelec'tic
and elec-'c enanical coefc-eats of tle piezoe!ectxic pla-e poled uinder mechanical sress. Equation (3) is also valid for

TI-UNIDEP.' L- in this case k, and ,: are not described by •.. aion (2).
OCr- mo=r important quasizatic electromechanical c!.ractee-tsic of the actuators is ther lec'ical admittance T:

Ser,(4)



Swhe~= 0 is the anaguar frequency, v is the component of the tensor of the dielectric permittiviry of craics and ky is the

facor der•.pding on the corresponding mechanical coupling cce.ffciet and a change in the dielec•c permittivity as a result

of the dc•iC= fabricating.
Thus as is seen from equtons (1-4) quasistatic el=:u:mechanical charactercris of acaators with the same

dijensiOns of piezoelectric part of the devices, the same electric' field, and the same frequency can be normalized n'ith
r c to ac-.uator chosen as a standard. It is convenient choose d31 bimorph actuator (Fig. i) as this standard. Therefore
thLp jdisplacment 71, blocking force F. and electrical admirtn=n Y of all above described trat-- fabricated using theC.. pieoelectric ceramics can be -*Vered as

11 = rT ".1 "

F. = F: "f:,

wh•- f22=," f;are individual fi=pres of merit dux--a==z-j.O the tip displacement blodV..g force and electrical

Sadmittan= of a speific bedn acm==, resecivel.5"
The =•_.h~rcal work W._ that can be produced by. the bendiig-tnc.e actuators is proponia to the produ-ct of the

mufltiplco at"~no the tip displac=m -,1 and the blocking force:

Quasistad cma =enm,,• ;Vj acmuae in the t-ansa•• is proprtixon.al to it.s dielectr•ic .•=nt S, the Volume of
the pic -- *plate and the squar of d.-~cfeld E. Using "-uxzicn (4), the following relation, is cb.ined:

CO•-,F.: (7)

The rat-'o of the rnec..anical work to the input e/.r•!--er.-•" can2 serve as an over-•L ._e of merit for the

eic-c-rorneal-P--.ical,,_ aficfny of- th :=--= a= nu-• r
,ivi7e of ", .: * (8)

U"Siz ---7.;¢r- () the ove.-lfat= Cfi- r2telative to that of-_ •:.c di-• I bimorph./f=,ca W at-e. as

_f f_ (9)

-r-_-., the relative fac:.ors,,fif" and = -.ak it possible to d•-esie quar,:-.c ele-. xnec:m",ýanical
cha.-.,:r•z-e;c of bending-mode pi .- cac~mtors in the c :ir.-y,'e= ccntgaratdon It is i=. r=t to note that the

--utor - consideration stould 'b fabricated using the smme picL-••cer-amics and "i.uld have the saTme
di=er-,•crns of :12-a active pi•.ei.---.:. •:ar., All quasistatic c•-~fd should be meamna:d for "t--• same amplitude and

•7•.e=•of a~pi-m'i e'zd 1i--'d snce e!e-jore,-hanica! l of ji--oe,!ectrc •.-amics d:--e=.d onl the amvlitude-
azd•--eu.,r• of the elle.rc ficd: 1-Mer:nental reU~s'zs, saxo'w rtha despte a signzimt d...=-V--.-ia of qussttc:
e!.- = ' *-,- =I! chanre.-,srizcs of oi e!_--=ri.c acruators fla~ricat-.• *-or soft pie_.oel~ec::c •,=.---cs on the apHo

e---fie.44 ":-ý- changes of these ca:,,c:e.tmcs for diffe.-"==-: actnmros show almost the same v•'a-,,oi The.'mfbre it is

emcu•_hfl0.flbr .....

where 2 . , to a.", amind dcr oua e value of the aiemeZ "--oea efefd.
Sidmi in many cases bf.di-.mcda actuators aof apsep c b=e tde funnaegtal ac-•o respe--cditiv eibrations,

re o o•- f of thp ads aamtrs aret also important. -: -w,-lu-s of the fundamet =c= :-. v and

m~az•_.i q't/£y fatcor Q.. can, be •Jh•s to cha-ac'.er-ize rwc.nt pr;=es. The fundam=31a r=•r=t fltquency of t~he
piezelec.•-:- j birnorph caileve wit• =w•.agtuar crs-msect-n, L?

v, (60)
where p, is "the delaity of the Csqare cf T'e resonant fie que=d.-" s of tnhe "-o (4), the fon"o i ctane=

secont is€ ex"pese as'()
L375, r. I ;-k ,

wheV, p,;. "

Ther raio o -- _e density of the ton-pihce.,..mc plate. Thus it cs ,ide= that the resonant o n . of the unimorph
cantgilze-,er is a 2==;orl of the resonaat L ivequenc of the piezce.-nl--.c plate (bimorph). For cathe fun ametal



resonant frequency of piezoelectic dn bimorph and unimorph, s*' should be used in equations (10) and (11) instead of g.
Equation (11) is also valid for RA.NYOW, CEPA~vfOW, and C-RESCENT cantilevers but in this case, the mechanical
coCmLiance off the stress-biased piezcelec.tic plate should be used in the calculations. For T7HuYNDE too, the resonant

frequenc, is a function of the resonant frequency of piezcelect-ic plate which is described by e.-aaion (10) but the actual

de--endez.c is a more complicated function of x, y and :. Based on the analysis described above, the resonant frequency of

the bending mode actuators ca= be related to the resonant frequenacy of the piezoelectric d3l bimorph which has the same
dimensions of the active piezoelec.ic plate, using the equation

v, =v-- ., (12)
whete f= is the figure of merit characterzing the fund•a•-nrl r-sonamt frequency of the bencing-mode transduc.r. It is
known' that the fundamental resonant frequency depend.i on the magnirude of the applied eleti~c field Therefore another
imoortant parameter to be considered is the relative change in the resonant frequency Av,/v, as a function of the electric

field-
TI"he mtechanical quality fktor Q0 is another impnor.n rwanan characterisdc. Since m=:hanical vibrations of the

piezoeea---ic bending-miode actuators are described by fourth-ordwr differetial equation and nct by a second order one, Q=
should be daned appropriately. By analog' with the dcnidon of Q= for damped harmonic vbraor without frequency
disper-sion of the relevan elec.-mechanical parame-,ers of the s:y-stem, Q. can be expressed asu

o. = I, (13)
where r, is the-- amplitude of resonant vibrations. The amnltd.e of -"sonran vibrations de-•ends on mechanical losses in the

ac'-zao a=td is also very sensitive to the way the cantil-ve-- is c.a9"ed. T7hereore it is pre-erzzie to compare the relative
chang Q./Q. as a function of theeecic field instead cf 0=.

.,.us. relative factors f', ", /, and f are--se-d to c --aczzerze quasisatic ----.::--ancaI characteristics

and fn, .':/v, ad AQ./Q. areused to characteriz.e ='-c=n =:rc.erties of beding-mode pi-eiec-ric acuators in the

cazneve c o.ration.

3. L•-1ERDYvEN-L PROCEDL= AND L-ERDI•NTAL RESLULTS

."_c investigated were !'riczted from soft ec.-a=ics and had a re.. lr cross-section and the

folowing d .m4ensions: 0.4-2.5 = in thicmess, 5-15 m - -7idth, and 15-35 mm. in len-g•. L ecelecnic bimorph and
metap/.:z-:e:-..-c-tunc uimorph act-aetrs were fabricated fr= --4O (Piezo Kinetic, Inc.) ce----:I plates poled along their
tticl.ess. " ais ,tegory of piezcele..-c'c e.-ramics is analcgcus :o s-f, pie-zcPelec.ic ceramics PZ'.-=_ Stainless sEtee SS302
.as =ad --a iak-e the unimorchs b=eause of its very hig, Y,-i-i's modulus and. conse=y, high theoretical ratio of
Young_'s =-_c d, yJ3.0 (equation (:)). The plates were *cucdezd using comme.rial I-B Weld e:xy (I-B Weld Company).
z-ez�'"--cm: "d3 bimorphs were fabri..=td by a dicing and layer:=ng tec. ique.6 Theoretical rato ofYoung's moduli for the
d.• unmcrh is y='.90. The cer=,ic plates in the stack we.-- bonded using commercial con&r-•i-e adhesives -m.1DCS
(Ma.ter E=o.-- inc.) and B-Solder 302- (Insulating .Materials-- 'c.). --B Weld epoxy was used tor 'oading metal and sliced
ce---ic piazes. Each piezoeleonic se'm = in the piez-ee-ic plates (Fig. 5) had the following dimensions: t. = t, = L09

7 W =11 -- nm As follows from -. uation (2), eleronmecha-nc1a characteristics of d31 and dn animorph actuators depe=d
on the rat.c cf thiclmesses x and Young's moduli y of ncn-,iezo.l-.-±c and piezoelec'-c pl. Theoretical analysis

shows:O L!: =.a'dmum value of the displacement factor fl" and overall figure of meritf. corcrsond to different values of

."..ecrr . ,nly devices exhibit.ng ma'dmum quasirzatic ti dispiacmet were chosen. Ex•e-i=eaal study showedeiO
that: f-r 2,-`-01'?PKI550 unimoruhs optimumx Lies be.ween= 0.2 and 0.35.

CR--SCENTs were fabri•-Ae fom PKI5S50 and S5O2, using srveral types of high tem-rature epo.-des. Since the
Cu.e --rurx'e -200 C was lower than the device fahrication temnerature, the actuators were poled after their

ri--.catior It was found that tip dis-lacement factor f.' for CR-SCEN" depends not only on the: andy factors but also

on -Lbc"-., g temperature T7; th-ereore onlv CRFSCENTs .cssessig maimum f.' wer ue for a comparative study.

,:or actatc-rs with r=1 mm and :*=0.37 mm the optimal -=g te=ze-atUre was around 2.0-?:60 TC. The mdius of the
.-,-a- :! of he tmansducer before poling was 0.4 m and after .ii-g it increased to 0.8-0.9 m.



Sic:: figures of merit are do--ned for elements wiVth the same dimension of the piezcelc•o part, the experimental
dn, c4tiz- for actuators fabricated from PKIS50 with diffe.ent dime=e..sions were recalculated for a device with standard

dim:ensicns of piezoelectric plate.
ý.LkN'BOW actuators were cut from piezoelectric R-ADNOW disks which were purha-u-ed from Aura Ceraxnics,

=c. P " -OW disks are fabricated from C3900 ceramics which Is analogous to PZTSK The thikn=ess of the devices was
o.6-,4S , the thickness of the piezoelectric (unreduced) pa rt v.was appro.dmately 0.27-0.29 =m The thickness of the

du•cv lay.-- as 0.12 mm and the thickness of conductive evoxy layer which served as ele-uu.e -a 0.07 mm.

Tr.- 7"•;DER actuators were fLabricated from soft piczo-i--"'=c ceramics PZTSA and Al .fil Three layers of the foil
. cceir.-e.d on one side of the cc-amic plate and one la,-er on the other side. Curing M er:m was 300-320 @C. The

thic of the THLMERs was 0.41 mm, the thickness of piezo=iecic plates was 0.2 mm. -1h radius of the actuator
cw-vaturs- a.-er poling was approUma=aly 0.33 m. After the high t=emp e bonding followmd by poling (first stage) the
devic= Ne.w= additonally bent by mechanical pressing (second srage) and the radius of the c=r=-. decreased to 0.14 m.

fteas=m en-- of piezolecric charac-s-istics were conducted ai, the fI and second s=ge&
Ind!,,-i±dal figures of merit of RADMBOW and TE ,D-E. ac=ors were calculated u.mg their perimnental dat

and Leo.realt=a calculations for bimorph actuators from the sme pi=oe!-ec'ic ceramics having the e dimensons.
he #. displacement of actuatrs was measmred by a photonic sensor MVT 2000 (NM I=.--n ents Division). The

bloc--nZ ffr--- was measured by means of a load cd ELF-TC500 (En=-a Devices, Inc) and t.e -,.*-ical admittnc was
meas --=." means of a lock-in a. Ier SRS30 DSP (Staford R•esearch Systems, Inc). A =".iere description of the

Sset-t is given eisewhe,-.. Electromec.hanical ch -. risc:s were measured in a.aM=Mc re me and at the
funda•---r.i frequency of bending v.lrarions. In the quasismt•c =-.me the measurement fre•7 was at least ten times

~ TT h~- - e f~mametalresonant frquency.
-• mena. figures of iert " f., f., , ff= and f. re se-ting elec.=mecha_=! -haracteristics of the

ac.uatcrs sn-ied are sven in the Table. These values we .c-=:,•ed fcr low applied eJ .e id - tess than 20 V/I).
Der.-enc--- of the resonant fr,-._-, and mechanical i--hC'-rs on the e c field arn !ýhon in Figs. 7 and 3,

Vel~': -ecn1 ch ractrisi '-f CPR!SCMN7 ac-.-c~s wer= simlar to that of d-. U:=orbs. No sigaificnr
diff=::ez -; :!ýosr all measured eemechanical prove.-tes: c-i 7=TND actuators aiter t:e ~-' and second stages off
the- a:- , . was obse='ved Only echanical quair fayc::r .=-c.deased -y 23% after the sec,=o r.1ge.

Table. F:z'-.•s f merit of bend=-=-mcde -.ieozel.e--ic acr,,ua:r•-- :. -._ler configuraion.

Y?-- OF TI disoiac-:== Blociing for- A -an.e Overa- figure of Reonan• fqun=cy
-= " -077 fa!=or f fact.r t: _____,"_ merA factor af

d-I'-- h 0.4 1 1.0 0.71t 1.7

-0.19-0.= I 0.1-1.2- [ 0.66 0.03-0.40 i 1.2-1.4
_ _ _ _ _ _ W_ _ I 

I__ _ 
I_ _

C ?Z S C B 7 o C 0.44. 1.75 0.91 0.S5 1.7

I _- . 0.12 0.36-1.0 0.90 .0.05-0.13 2.1

d.%_ , 2 3__h_. 1.52 3.80 0.S4

d!3•L,'- • 0. 72 3.5 -1 2.52 1.7
L =.3' 1-,.90 )

A -. is of d3t bimorphs: e.e=ental data showed t!:at :Le _,==,..ental tip displacem--t ad it theoretical value
calc.u-aed ac=:r-ding to equation (1) are in good agr..menz A-veraged •.e-.imental value of the bicclng force was 33%
less •t •.an±e -eco one given by equa.ic: (1) and the averaged -•e.--e;n value of the resonant freu=ncy of cantilevers
was 13% -l-os- er that theoretical one (eq"ation (10)). Nevert=-els, t1e resonant frequency of thee bihorph actuators with
free-fee ' cur-:'Z! conditions (non of te nds is clamoed) cincided with the theoretical one. :or , unimorph acmators



the sarne tendency was observed. the blocitng force ,•-as snafler by 13% and the resonan fr. ency was smallr by 12%
than co responding theoreticl values. In d33 birnorphs the blocldng force was smaller by 42% and the resonant frequency
•s ama•er bý 17% than corresponding theoretical values. The discr--pancy was smaller for du unimorphs: the blocking

force vs samller by 7% and the resonant frequency -as =rallec than the corresponding theoretical values by 3%. There
m=y be s-e.vral reasons for these discrepancies. Firstly, under the applied electric field, pi=ee!--ctic cantilever bends not
only along the Xaxis but also along the Yaxis (Fig. 1). In the-oical calculations bending along the r a.xis was neglected.
Bending along the T axis may affe', the blocking force and rtsonant frequency of actuators. T7e second reason is that the
C€me=nIg epoxy whose thickness Was neglected in the calcmzlatons, may also change elecnoechanical properties of the
acunators. We were unable to cmn=c the same analysis for RA..,B OW, CRESCET and T'I-MIER acruators sinceact
eiý-o=memn.ical propertes of thee devices are unknown

As seen from the Table, the blocking force fac2or for .-•-ABOW does not hve an ec= value. This is becanse the
blockfng fore= showed significnz dependence on the caemal Icad. The force inceased markedly with * .9g
mcani•cal pre-stess which can be generated caernally by the horizontal displacz of the load cell stuck to the
vibratig end of the acaor. It was also found that if the load =el was pressed against the vbrating end the measurd
blocking frc was an order of msptzde large than tha 'for the c2 when the load cell was gued to the vibrating end of
R.AZhOW cantilevs A sicgam scattering in the maured blockdng form h fc d7Au3NERs (see Table) is

probably ransed by cpesimml li•ations since it is v=7 diicult to atch the vftming =d o THUNDER having a
c•n-ed shape and the load cell bead having a flat surface.

S,,,, .... o. {

"1D T.c=Pdec-- of the resonant :eency v, of -r.-b "• w:-i'ns on the ellectic '4-d (,-=). Low-field resonant
•.-z.,£w. 1394 9~z (d•l bL-.ce-h), 1015 az (dnl 1ch,102.9 F-.z (d33 unimorph), .4015 (IR.ALN'BOW), and 22-7 Fz

.1Z-

o~* d U orph

0.0 0.2 C:.4 0. 3 0 1 1.2

Fig. 7. Dende-ndce of" the relative = anical quality acvo r e n tn e evb r ic field (enm). Lowfld quality factor esoa: 55
(dnec i- : 19 (d u birnorph). 1-5 ( H, (d3mo uih), 6:2 R..r' 0:9 OW), and 137 (THUNDERe,- 55 ffr stage).



4. DISCUSSIONT AN-D SUNMMNARY

A. f-L~- ---,m the Table, d33 bL-.r~h and unimorph ac-zzarcrs ha-ve t~he best quasistatic z ha ca characteris~tics
,Vih e~c to the blocking force a~d overall figure of =en.eL The reason for this is that p, zeie:ric d33 coeffcient and

adn coupling factor k33 are 2-2.2 times large thn1.an d31 bimorph generates ~'~rtip displacement th~an
,j. uniincr-- but its blocking forz: is significantly lower. d31 bimorpli is followed by CRESC22'7 (CERA.v2OW) and d31

unimorph ac-tuators. It is intereszag that the CRES( -L fabricated at the optimal te-eranlre has ahigher tp

disj===: and overall figur of r~rrthan d3l unimorphL thbricated from the same matrials. 26 means that the avemage-
pi=0eieccm:-; d31 coeffcient of the piezoelectric plate poled4 under certain mechanical bezezzg stress is higher and
corresndingz dielectric permiitM; z7 lower than that of the starting material. A probable reson is that there are speffic

dotuain sa =xnres that are formed duing poling. Two ývqcient1a facts support this lrpcthesis: the first one is a
si ~inea=se in the radius of te' transducer cmarvntz aftenr poling. The second fl= -s that after separation of td=

metal and ceramic plates in the paled CRESC=N, the =.-.mic plate retained its cmmvd shane which implies that there- is
practically=o mechanical stress in the -amnsducer. Moreover. , of the longitudinal stress --amm t e~ain the inc:=ase in
the tho diszlac=emet since experim~ml results'z show that long-trdinal sm-.ss decreases pieie~ic 43 coeffcienL If the
caRESMý is prepared above t'-e optimal temper-anxre r~dual mechanical stress may deraepiezoelectric dj1
coemfcit-.

,As is seen. from the Table,- 1AZBOW and 7-HUNND)M. acmsrors have lowest quapcnsrti Figres of merit Since
rmnuce-d lyrin RAZMOW acmarcr has a Young's modmir-s' murch- lower than stainless rteel used for d~1 unimnoohL
fabricaion. dilc~eme factor JcI for tis actuator is less than that for aniznorphs. In addition zs -"Cflows from the analysis
of equation ). hertof i cl~s f the reduced and act-e piezoeiec--c Layers isl~t uia- one. The same-

r~scn ca -crain inferior quasirzati: behavior of T.rULNDM7-s Also. these devices have =e=:l fcils from both sides that
decrease ="4-- dimlacemnent. Sinc: :he =64CL-ess of the pizol Izzpaes in the device was sea-l mall, the adhesive
Lavers caa~s.C4-Co M~ f'.

.:s seez from. FigI 7, the ý=amanetal resornan -t frec~ c F ndg-oeaas edsnthapie
eieu =ý C 2-- - a rge sensitivity of thereozant frequency of d -picrh:;,-o cleczric field =.n-e e the tic. that at a hign

levell of ==!2 ch aIma stress which -. su zt a high levell of re-oan viraon the epoxy bordizz --6:eoeetc segenzs
becomes scm 'to non-linear rn~s relationshic in =-=ierm terals. Resonant :~rsof d33 biinorph we=e

not =za-SUd_ zbtx cased on the above ýLsmssion.. this device 3s'culd *:e eve=n more sensitve to e,*ecut,.c field because ft
does -ot hze th stabilizing meal 1:1Reatively high denene=`==c' -.,:,of dfl bimorch can e ,"ed by an increase of
tbhe m n Cacompliance of th.4: eie~ cenamica wthh! i= ..as:;z~ electrc field. 3~z r of mechanical
scfte-izg~' Cf tepiezoelectr-ic ceramics in all d31-type -,znicr-h devices is less sifz.since they have non-

piezoeecmz ar whose properties : d epn on the elct el.-.
A2 -. : am tors demonstrate az fcn decrease of z hýe chani a in fczcr,%!t n~ field (FIg..

8). Thze ncs: sensitive device s-uti was the &I1 bimormn.1 Sizce t*he axmolitude of rtsca.- vibrations is inverselly
proportional :c :!:e mechanical Iossus :t the resonance', the inecta:ical losses inc:ease si-yf-cL under high eeti
feu,- A.: th:e eicr field I kVcm :the echanical, qualityfacwcr `ec -s= ry an order ot ma=-:z-- zs compared to its lovv-
feldi zz.~L: in uniinoroh-cype snctar.es there. is non-pietroel ectrýC ::ar-rin which the cailosses do not deetrd

onth aviedelcticfel, hedereseof0in these ac.uaators is inore gadual.
iT s~ be noted that there- is one. more imporran -- 1-- of =e=a that has not be--. ==.-;:.trd in this work. It is

mec'-~ifa~iureat resonance. Our esnts showed that at a h zh level cf mec.hanical vibmatcrs at resonance the actuators
f-racture. 72e:ratur occurred at the st::fac: of ceramic plates --. the reg~ca where actuators iwere :I=.ed since this arm is
su~bjeazd to t*e hig-hest level of stremss. Analysis of experne-a! data showed that fracnare of ' bimorph and uniinorphL
trazu-s7uccz.s a.: :!:Sanance occ.-rs if th-e ~'mmsawes at th~e eds-=ri-c: reaches 30-50 NV-a. : his case mechanical
failure- occurs- in- several seconds. Ceariy, unimorph acruatrs= having metal plates such zs d1 and d33 unimozrpa,

CECEN7, =LA.N2OW, and es,7*ctafll THUN5EIR. are- =-re- reliabre in a sense that r=e ;-.-ec-hanical failure of
ceaninoccuzs the actuators do act :ýcure since metals 111c stee! or Al have much bigner !acrre- toughness than

Ccramidcs.
1: is wort-h-while to note that thasraight or slig-htly c-=,----; sh~ape ofobending-.mode acinacrs is not optimal in terms

of crve-m17:ali EgL= of merit/rn. For nstre.= theoretical calculations sho-w that ;_-shaped d31 bimc-r-- canlever (Fig. 9) has
hith2er bicck-z force factor f.' and overll figure of merirf= t!:.n straight d31j bimorph with the saedimensions. This is
becuuse -;n a conve~ntional straight ccre ben ding mo=-:en geerated in the actuator work-s agzi-.st the blocking force-



applied4 to the vibrating end. 7h.=-Fre this force blocks the inove~enr of the actuator's tip only. In the L-shaped sauctur-,
applicaion of the horizontal forca produces a mechanical =ce-nt on the horizontal part of the actuator. Thus, the blocking
for-, shLcud almost prevent displace-ment in the whole bottom parr of the transducer conseqcendy the magnitude of the
correspvnding' blockting forc.e should be higher in this cast.

vjnin . ELEMN Tim Blocking Admittance overall Resonant
is-,Iac:_-nr force fac~cr tiguwe frequency

.~facr-or factor of merit factor

d~i dBimorch I I I II I
apd I 0.7'f5 1.5 1.0 1.125 1.32

Bimnorph

F1.1 9. Sc:!:-rnic view of L-shaped d11 bimorph and theareticaI .gues of merit of this devi= with 1 -*.

In saxnnary, a compaade e=erimental im-esd-icn off efle-_-omechanicol chaxractun~dsn of piczcelec-=c d3l and
d~n bi~or-h and unimcrnh ac".=ors, IRALNBOW, C ESCEN- (C_!-AJIvMOW), and TMUNDER actuators in cantilever
cozfg=-,on has been corchimc 77e tip dispac:=e= blocldnz force, and delcl adittnce were chosen to

Ccen~e qua~sistic properties and the resonant fr2 ec and _ech!an~ica quality facu er osen to characterinz the
behzsvior an the fundamental fuyof bending vioradcn. Fae e--n-n±mental. results show 't d. bimorpli and uni~oroh.
ac--azcrs have superior qua~sirac :ýaraczteristics as cc~azed to chrh.e types of bendin,-=cde ==taors. It was lound that
rescnntz:nc and erc-c'ally =:chanical aualirv fczr:- of ail actuators depend on *-4e aculied eiecn.-c field. d~l

uniRh. ?ATNBOW, CRESCEN7 (CMRANIOW)ý, azd =MN-DE were found to be Ie= -eendent on the atmviied
thanc -~ bimorch. a=d d3 bim~orph and uni~cr-n acuamzcrs. These results indic=e that the choice of deviczs for

a :mn a. aelication Lnezeds on xzditions under whic -h 9c~ ope'.ame

AC07YWLz-D GNM.N-TS

.he alut!:c woulld like to, '~rk. px .G ta~adI .Bac~on for supiplying 7ThtN"DM samVles. This woec

vas rtdby the Office of Naval teerh under tezncNO 49--10
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Fig. 7.Depeideno: of the rato of antpitudes at resonantt and low frequi~cie
4. on eieinic field. Low-field quality &axr Q,. is: 55 (bimnorph). 48 (uniznorph).

4- - (RAINBOW). and 31 (shwa-imde).

*l0 -~weak dependence of v,. and Q,~ in shear-mode actuator can be
related to the lack of the electromechanical coupling for the

0. 0.2 04 0C 0.IA U .a . bending mode and to relatively low level of resonant
~Ectric Fel(kV/=) vibrations. We assume that bending vibrations in the

Fig. 4. AztLhmdeadph pehase isdrat=ofRAINBOW ciuieves. transducer appear as a results of elastic instability (10] of
pure shear vibrations because or the action of inertia forces.
In summary, we have studied piezoelectric properties of

/5F biznorph. uninmorph, RAINBOW, and shear-mode actuators
TA ___* /in a wide electric field and frecuency range. An appropriate

TI
> 1.2 . experimental measuremient system has been developed. The

quasi-static and resonant piezcelectric properties of these
~ 1.2struc-nures have been found to be highly dependent on the

1.0 -magnitude of driving field.
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Behavior of Piezoelectric Actuators under High Electric Field

V. D. Kugel, Q. M. Zhanig, Baornin Xu, Qing-raing Wan-, Sanjay Chandran, and L. E. Cross
187 Materials Research Laboratory, The Pennsylvaria Smtae University, University Park, PA 16802

Akbstrac%.Behavior of piezoelectric actutors (biniarph., Ceramics, Inc. Shear-mode actuators were fabricated from.n
unixnorph. PRAINB1OW, and shear-mode) fabricated from soft 3203HD ceramic plates (Motorola). The plates were poled
m,9mics has been investigated in a wide electric field and along their length and the driving electric field was applied

frequency range. The electrical admittance, mfechanfical across the thickness Of the plates. Clearly, the flexural
displacemenlt. and blacking torce at these transducers have dipae ntgerednth mohumrhad
be,= found to be highly dependent an the magnitude at drivi dsncmgtgnrte ntebiop uimop n
filLd. The resonant frequency and mechanical quality tactor of RANO actuators is caused by piezoelectric d31
b~ading vibrations tar all but shear-made actuators decreases coefficient while linear displacement in the shear-mode
sigacantly with increasing driving field. Analysis shows thaz actuators is caused by piezoelectric dls coefficient.
despite a Large variation in the quasi-static electrical To characterize these transducers, their electromechanical
ad~mittance and reduced tip displacement of bimorph, properties as a function of the driving electric field Well
ffiorph. ana RAINBOW cantilevers with driving field, their below and close to the fundamental frequency of bending
ratio is almost a constant, which characterizes the ratio of vibrations were investigated. The following parameters of
dielectric permittivity Z4 to piezoelectric coefficient d3 t. these transducers in the cantilever configuration were

measured: i) displacement il of the free end; ii) blocking
I. INTIZODUCTION force Fb1 (il = 0 ), and iii) electrical admittance as a function

of the applied electric field and frequency.
s cudi es of last few. years have demonstrated that piezoelectric A block diagram of the experimental set-up is show in Fig.
tr-ansduccrs have significant potential as actuators for 1. The tip displacement of piezoelec-tric cantilevers was
acou.stic rioise zcntroi (1]. These transducers are operated at measured by a photonic sensor 'MT 2000 (IMT
suchi hizh :,owe7 leveis that th~e ferroe!:c=ric ceramic used in Instruments). The measuring hea-d of the sensor was

rntibezins to ex hibit nonlinear behavior. Itris known that mounted on a manual mricropositioner which provided the
piee~etrcry-eiaedproperties of =:eraic materials ar linea dispiacemnent and rotation for adjusting height and

hi~.hiy deerenent on the level of driving electric field and angle of the head against the measured transducer. The
rr!eý- anical vib-rations [2-61. A common feature in this transduce (in the Figure, birnorph is shown as an example)

-or of piezoelecmrc ceramics is an increase in dielectric was mounted on XYZ micropositioner (Baling Electro-
a:.7 e e eti coemfcients, and losses even at electric Optics, Inc'. To measure the blocking, force. a special metal

.smu-" lesser thntececive cne. It is believed that head of a load cell ELF-TC500 (Entran Devices, Inc) was
.-e noniineo tenavior has extrinsic nature. i.e., is related to glued by Super Glue to the vibration end of the transducer.

:he dorrain wail and inrerphase boundaries' motion (4I]. Till The load cell was mounted on a micropositioner which
now, most of the studies were focused Cn the investigation of provided a horizontal displacement for adjusting the position
materials proce-6ies. The purpose of this work was to study of the load cel!l against the measured transducer. The load
the *oehavicr of the potential piezoellec-71c transducers such cell was driven by power supply PS-15 (Entran Devices,
as birron-h. unimorph. RAkBOW. and shear-mode Inc). The electrical admittance was measured by means of a
vi;.rarotrs under high electric field, small (several ohm) resistor R connected in series with the

transducer. All lock-in amplifiers (SRS33 DSP, Stanford
II. ExPERiME~qrAi PROaDVRE

Alransduccrs investigated had a rectngular cross-eto Locx&Lmn
and th e foll Iowing dimensions: 0.45-2 mmr in thickness, 5-15 smrPwrSp n~w
rrm, in w't.and 15-35 mm in length. Piezoelectric msue-

bi.mhand metallpiezoelectric unimrorph actuators were
fabrcated f-trom P~aSS0 (Piezo Kinetic. ILc) ceramiuc plates ilOl

poind- along %he~r thickness. This category of piezoelectr c :
cerarnics is anallogous to "soft" PZT.;H ceramics. Stainless
steal SS30Z was used to make the unimorphs. The plates
were bonded using commercial 1-8 Weld epoxy (J-B Weld Fig. 1. Blck~ diagram of the axperimexnW set-up adopted to meire

Czr-nany). Rainbow transducers were cut from piezoelectric e*=",,ntechaui properies of pieweoeuietc tmnsducers. P, dent~oes the vector

RA.D'NBOW disks which were purchýased from Aura or



Reseach Systems, Inc) were synchronized with the output where S is the area of the one of the electrodes, e is the
voltage of the power amplifier (790 Series, PCB component of the tensor of the dielectric permnittivity (FT

*Piezotronics, Inc or PA-250H, Julie Research Labortories, for birnorphs and unimrnorhs and ET for shear-mode_
EInc). The input AC signal to the power amplifier was 1
supplied by a generator DS345 (Stanford Research Systerns. transducers) and ky is the coefficient depending the
EInc). The developed experimental set-up made it possible to corresponding clectromechanical coupling coefficient. For
measure the mechanical displacement and electrical bimorphs this coefficient equals l-0.5d,'1 /4'sE,, for shear-
admnittnce in the frequency range of 0-20 kHz and the mode actuators it equals 1. As follows from (3) the relative
blocking forc= in the frequency range from DC to several change in the electrical admittance as a function of the
kiloher=. The maximum driving voltage was 300 Volt RLMS. driving electric field gives information about the change in

the dielectric permnittivity and electromechanical coupling
IE. RREMSENTATION OF ==RflENTAL DATA coefficient of the transducer

To characterize the change in the properties of transducers
The quasi-static tip displacement I and corresponding near fundamental resonance, the following parameters as a
blocking force Fbi of unirnorph =acnazr can be written as function of the driving electric field were measured: i) a
[_7I change in the resonant frequency Av ii) ratio of vibration

= -d -Ek 1 ,k,=2.zy(l+ X) amplitudes at resonant and low frequencies, in/r. The
2 l?4.ry-.6x-y+4xk,=x1. relative change in Av gives an idea of the change in the

mechanical compliance and losses at the resonance. The
x!2.yY~,relative change in TWri encampasses the change in the

- ~mechanical quality factor Q. since the amplitude of the
3-jIw: l+ . damped harmonic vibrations is oromortional to this factor [81

ý-;-E-ke, kl 1 .='..:;- I,=.. (4)
.1 1 1 (1.) Thus, the relative values of Y, 1.1E, FbVE, Avr, and Tl,. as a

whiere ý. -d w are the length and width of the cantilever, function of electric field calculated from experimental data
co7rrecndingly; t, and r, are atie thickness of the ce-ramc were chosen to charac*er-ze nonlinear properties of

and eta pltes coresondngi~ £is he rivng lecric transducers. It should be rioted that the lock-in amplifiers

field, Yn, ;s the Young's modulus of the metal plate, and used CF. 1)Z d tpsil omesr ope auso
. T, Fbi, and Y, i.e., the amplitude and phase characteristics.

is the me~chanical compliance of :eramics in the direction
per-pendicular to the polar axis. lFcr bimorph cantilevers the IV. ERMa~ UvrS
coef'cfients k~j and 4f in (1) are ec-ual tro 1. Coresponding

equtins orpue sea-mdse*autrcnb rte s All chcsen functions (RMS) were normalized relatively their
Tl~d~1E.values at a low electric ',eid (-'%10 V/cm). The denendence

a ..! wr! (2) of relative values of Y, 1,1E. FýVE on the electric field is
F11 shown in Figs. 2-5. Instead of the phase of the electrical

ý3 admittance the phase of Y/j was plotted since it is directly
wher :~is he ompnen ofthe echnicl cmplanc of related to tangent of the diciectric losses (see (3)). All

ce-ramics in the direction of polar axis. It should be noted measurements were done at a f-requency at least 10 times
that blocking force in shear-mode thin plates causes bending- lesser than the fundamental frequency of bending vibrations.
As follows from (1, 2) reduced ampiinudes 111E and FbVE are Maximumn electric fields used in these experiments were
pr-oportional to d4d and Adis correspondingly (in the case of much less than the coercive field of the ceramics (8-9
bicrn, h and shear-mode cantilevers K' and kdf are equal to kV/c-.). As is seen from these graphs, an increase in the
1). Consocuently, a relative change in the ratios TIlE and driving electric field causes an increase in the amplitude and
Ft,IE as a function of the driving electric field gives phase delay of mechanical displacement, electrical
infcrrriaticn about the change in the piezoelectric and admittace, and blocking force. For bimorphs, the
mechanical properties of the actuators. denendencies of Y and I'IE on the electric field are almost
T-he electri.cal admittance of the :ransducers at friequencies identical and are more pronounced than the dependence of
well bel-ow the fundamental bending resonance can bX corrresponding reduced blocking force FbWE (Fig. 2). For
w-ritteni as unimcrh cantilevers the efffect of the driving electric field is

S stronger and function TjIE inc-eases more rapidly at a high
t. efectric field than Y (Fig-. 3). A close analysis of

exper-niental data presented in Figs. 2 and 3 shows that

2



thee is a certain threshold electric field (10-50 V/cm) above change in coefficients kd, k4, and k,. with electric field takes

which measured parameters begin to incaease monotonically. place for unimorphs. Data for RAINBOW actuators (Fig. 4)
As follows from Fig. 4, the dependence of piezoelectric also confirm that there is a close relation between 33 and
prooexties of R.k.NBOW actuators on the electric field is d31. As follows from Fig. 5 and (2, 3), dis increases much
ex-..meiy high. Functions Y and I/E behave almost in the.Vmore rapidly with the electric field than .

same manner, and. unlike for unimorphs, have convex shape. rie
This type of actuators is characterized by very high losses. It Data of resonant measurements show that bimorph vibrator

should be noted that the blocking force for RAINBOW is more sensitive to the electric field than other transducers.

cantilevers has been found to be increased markedly with In unimorph actuator there is a non-piezoelectric metal plate

in -"sing shear force, which can be generated externally by which stabilize the behavior of the transducer since its

the horizontal displacement of the load cell (Fig. ). popertes do not depend on the electric field. In RAINBOW

Be.havior of FbiE was similar to that of Y. Experimental data actuator, in addition to this effect, the interally biased
for shear-mode cantilevers are gven in Fig. 5. Clearly, in compressive stress may affect resonant behavior. A relatively

this case the electrical admittance increases much more
rapidly with eiecric field than the reduced displacement.
R,,onant characteristics of transducers are presented in Figs.
6 and 7. All ac-uators demonstrate a decrease in the resonant -, IMH

fr-uency of bending vibrations with increasing electric field
(Fig. 6). The most pronounced decreas• is shown by bimorph 1,5

candlevers and the smallest one is shown by shear-mode .3 ao-
cantilevers. -Measurements of the elencal impedance of the 1.0. .
shear-mode vibrator show that ther-. is no resonance in the 1.0
imcedance despite the fact that mechanical resonance of "
bending vibratdons does occur. As is seen from Fig. 7, the .s..
realaive decrea-se in the ratio of amolitudcs at resonance and
low f"requenc•, ,jil (and, consequently, in Q,), is highly
d..en•enden: cn t.he type of transducers. A drastic change is

obtained -,i hirnorph actuators while a moderate change is _.-. •fE
obser-ved "it' shear-mode actuators. It is important to note .. P#,E

that ,.he -=imde of the change in I,, has been found to __

decend cn its value at low electicrfeld. 0.0 0.2 .4 u U f.0 1.2

V. DISCUSSION AND SL,'1,,-Y Fig. Z. Amp•itde =nd phase ch iisi of bimr-h canti•er.

T1he results presented here distinc:Iv show that J 7
e!-'cmecha..icai properties of the ac,,:ators fabricated from
soft cerari-cs denend on the level of the driving electric field. ,-,
Data for bimcrnh transducer (Fig. 2) demonstrate that the 1.1, ,. '

• .~

iec-ical ad.--.ittance Y and reduced tip displacement T1lE .' - / -

nave ?n a very similar manner. This functions are ,/ .

rcpcrtonal to (I-O.5;d-/es) and d~ l

c:r-esondinziv. Since the factor in parentheses does not 1 .z
:nange rmucm it means that there is a c!cse relation between . -
,e"-i•c fie;d de=endencies of E and dn. Our studies of the - '.

atert.-al nrccerties of various soft PZT ceramics also S .3•. .
UNemonstrate Lhe same results [9]..As foilows from the graph - YJ.

f ihe r-uc,. blocking force FI/Edt, d 1 / (Fig. 2), an 5 .,

cr-ase in ;? is more moderate than in eT and d31. This " ." "E.,

rach also shows the behavior of e!ec.rornechanical coupling 0.0 02 0.4 0 0 1.0 12ce.•2c~enT Eletr, !." i'Field (kV/c=)
1.c e 1,s t be ca u se th e ra tio d ,1/ ' is a 3c c tic sieId(1cV /cw t

'nscant. As foilows from the cbmparison of Figs. 2 and 3 a .

3



p1.4---. Shmr-Mode

12 -~ 0.5

0.4

~ 4 .~ RAINBOW

0.2 -Bimorc~i

0.- H.2 U .U . 0A.6 1A0 1.2

-a- Fi~~~g. 77Dependence of the rado of umdmd at tesonaitt and low &equiecies
on alcci field. Low-field quaitzy fta "~ ir 55 (bixorph). 48 (unizrorph).

.8. 6-1 (RAINBOW). and 31 (shear-made).

-10 weak dependence of vr and Q., in shear-mode actuator can be
________________related to the lack of the electromnechanical coupling for the

0.0 0.2 OA0A oaU 1.0 1.2 bending mode and to relatively low level of resonant
Elecuic Field (V/cm) vibrations. We assume that bending vibrations in the

Mg. 4. A~pihnm and phase chmid~hsmc of RANhBOW catlvr transducer appear as a results of elastic instability [10] of
pure shear vibrations because of the action of inertia forces.
In summary, we have studied piezoelectric properties of

Is U. 1 / bimorh. unimorph. RAINJBOW, and shear-mode actuators
IA ~ in a wide electric field and fr'equency range. An appropriate

iI excerirnental measurement swraern has been developed. The
1.2 cuasi-static and resonant piezoelectric properties of these
1.2 struc-nies have been found to0 oe highly dependent on the

1.1 magnitude of driving field.
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Behavior of soft piezoelectric ceramics under high sinusoidal electric fields
V. C. Kugela) and L. E. Cicoss

!:ewsResearch Laboraz'o,- The Penns~vlvanicz Stare " ":i'drsh . zesr Park. ?~n~~n 6802

,;R-tived 8 July t997; ac-e.::,_4 for publication 2June 109S,

7n-. ':ehavior of piezoelec.:. dielectric, and elasci,: :h-=_Z:tn S cs Of sott piezoelec::: !ead
na~ rte ctianate (PaT) ceram,;s was investigaied under7 snusoid'i tlectric field E applied crzthe

Sdir.-ction and under mecl-anical stress-free conditions -,or f.rzquency range 10 Hfz-- *..Hz.
E~ccldisplacement D- along the poling direction. c m 1 ýai al stainS in the :1:c~ionl

:e-=-tndcular to the poling --;Ir.-crion. and the re-sonzflt rn~u~r , of , lecrorncacailv
ianc~ztedbending vibrations )i polarized places were- 7ne=ur;!-. Commercial ceramics ?Z7 JR
3: 3ED. and PKI550 with chemi.cal composition near :!d wo-~toi hs on ar .e sed

in srtidv. IE was found that t""e amplitude and phase -or zte :irsz harmonic of the rea qesrain
and of the relative cicrcldisplacement DV F!., norease similarly with inriaasins

SE., of the electric -.!;d if the amplitude is less :hz :Loercive field. The correstcnrding
incr:ias in the square of the 7!sonant frequency is more :node~rer. 7, e dependencisaedsme

':)v linear functions exetfor low electric iieid~s. .7-e ft-mcrions S\"IE,~ and 3t-,'Er
demcnsrisate frequency dispersion as well. Relative =rioiicuda of the second harmonic -,f the

eezadisplacement. D'D~ which is polar, also L~nc-.aases aLmost lUneariy with ir-cnasinz
-Cdrlative third harmmcrti: D 4!1) demonstrates ~ai~zcLk eavior Brnz ite

;~r uise rechnicue. it waz ::und that irreversible char. :_ --t -arnnamt polarization :a~ iace-
tvn-: :tectric fields much, c~ie hat the coercive :itei A ernatical model ofa r:±ec

describing the e tcm ield dependence ehaia proper-!s :f ort
:t-~trcPZT ceramics. ý. uzzested. According :o =:-ach. the response :e.saot

--r :ne instantaneous =r.::z:ud.- of -he inout si=aL ;tc feld) but aiso a)asr
tx:::nvalues. It was shc~ :-ar the :!xperimenrtai ?.ye -a~w is a particular cas e

-z!ap4aproach. ::;!.aite iecl leti f&-~~ce or compiex Tt.-:±.t cri

!.::ttds(E,,) andS:' af =omlex dielec-C :d=7_':7- E.:) and D'' !7... ý.- or
ze z~udeof elastic -on' ±;=: s-,i E.)and v-. A..::;' .~ model to exnerimt=. data

Sn.%% :at the model descr"_-t veil the rirst three corýt: - :c of D3 and the ecbi
;n:he remnant -ýo.ir:_:n Physical causes or :z-e obee -ehavior were anaLyvze.z.-.s in

ai~eauveto the model --ac ,, he 90- polarization 72znetz:n=-r and terragoariz::ca
- '"-_ cundarv motion. a xx'~ ~roach was suggeszet. _:1_ model. the obsenvec d: -rtc

-_t n the electrome-c"zz.z:i properties are ass_;=ea :t --aused by the ejeam :ed
of the mechanicc-l stress acting, at interaomrain :u.aesin the partiv ~-e

- : s z_ heecrais .998 -Americani lnsr-z:: e 7r 'c:- FS002 1-8970(95 s ('K

1. INTRODUC 7CN .v :ec!---zsuondinz hiah-sizn"- 'ct.cienrs are hizhlv de-
:e"ndenr t- electric field.- ia : h hi-ah-si~nal coef'-

P~ez-_e;-ec_- c-eramics possess ,xc.-:=e~ eiecxomechani- 7,Z' _"; -S :zh:-nicailv imoorrant. 'se-n widely acknowl-
orocerr: -S -- a-. make them veryn rm:v for UDpliCation Zde - iectromecnanicui -- ±tes of piezoelectric

sn eec:orr~-- "I: and elec~roacousz-.ca iransducers. One cerrrcs ::end on the applied ~:ccfleld.-10 Neverthe-
important z _-__ S -.:`ese transducers 's 0ower sound and tess : ef extremely cojic± omain structure of
ultrasound :mzsducers. which are ocerm:ed under hisih elec- : --:ramics. our knowtea--.- in this Is far from
tric fleid - --e,;r:e of such a hic:h-cower sound transducer- :scnrme~e MosE of the data avca abi.e Lre related to the am-
for ac::':e nc.Sa zonitrol. has been de'.eicored recently.' Prin- :;rucc =- on ase of JIIE"- and amplitude of
cipal diernen-- -' r :he cransduccr are :iezoeiectric ceramic . : lmot n d'ata cLonc.-ming complext d31(E')
bimorori c:~ .. ~ hat are driven *-,y 'ligh electric hield Zr haebe ulse.N omorehensive theo-

(Fig. SrJ ~ lelectromechanicai _-operties of the pi- :ettc=; mcdei zapabie of -xplainmg~:: behavior electrome-
e7y-elec: rn structures can be c-=arc:erized us-ing- pi- ,hnc-;l zharacteristics unider 'igic -:et~ric field was sug-

C7Th~ec ilectric e.3. Lind ý:st4 constants. zszej. -Z-ne approach. thT\rseesepnon f
_______________________ ~potentials leads :o t, following relations be-

PeerrI~sr-ael i7.i). Nji Sio:X-C NlTN. P.O.B, :'.ve n rDei Of the inStanr:atecus- mechanical stress T
16559 lecconicinail -con =d 7. sectrical disp lac=-~tn:. and field E

0021~ ý--can instituce of Physics
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S.- sTj-d E,,E +Si~jkTJTý -2dmik-TkEm + ,1:E .

0.,, =d,, Tj + eli,~ E, ,"dmijT: Tj 2R inn T, E,

1?)?EE+ eMnq~~~

wher.- s. di. R. and e are eiecromechanical characte-;-tics (a) (b)
(conscants) of a piezoelec=4ic media. Superscripts E =.d T 1. (a) A schematic vietv piezoeiectrrc d31 bimorlih canjilev,-
denotes boundary conditions E=const and T= const. rdscec- x.im~ ýenes connection. P, decte n'e vector of' the spontaneous c. ariz
tiveiv. It is assumed in Ea. C 1) that the piezoelectric mazedia noLn. tb) Flexural displacemrent of transducer in the ZX plane under th,
does not exhibit losses. The principal drawback of this ap acc~iied voltage.

proach is that the model (1U does not take into account hys-
terveic relations between T'. S. D. and E for macroscovicallv
controlled boundary cdnditions like T=0. Experimental data ciied to the mechanical mzss dependence of piezoelecn'i
for 10ZT ceramics"- suggsetr :hat the hysteresis concributes callv induced charge on :olar surfaces of piezoelecrric
si-nmiiczntlv to the electromechanical response of the piezo- .e-;rnics. 1 3 ' 4 According -o Lord Rayleigh.'12 the hvsteresi.
elec:7.ic ceramics at high eleczrc fields. Recently. the experi- dencendencies between 7;.te change in the mag-netiation
mental Rayleigh law.12 desc-.-,bing the hysteresis dependence and X (the magnetic dieid .-;,en X varies in the range frod.
between the magntetization and magnetic fedhabena- X., to -Xm can be writan as

-i--: I-- when X is -rncreasine ftrm- Xm, to-K..
xRn -O 

X
~RX

Iwhen X is -fromýX,~ to

t ert an OR are constants describing reversible arid .MTODLG OFC RATIZN

ie-zersible comoonents. -,-sce,:ivelv. Accordina to ex=er:- ELECTROMECHANICAL PROPERTIES
imental data.' -- function :~describes ver.y well the :Zress UNDER HIGH ELECTR.IC F.ETLD
"ne=nenence of the amplitude- i the piezoe!etial nue

.I fro th I ecrcal irtuc Because of exe::amtflicated coupling betweezr
expasio cztric and mechantc-i inpizoletrcermis

I: n F'ourier's series.' funcdon Y does not have the second :11 inpe7lcn eaic
narmonic ~. whl exeimna -a hwta tescn a - ". electromechanticzl rs:onse in these materials is hizhivhazenenden onil eleertmenta "ehna boudar conditions.ecnd ar

monic of electrical disoiacernent D, increases signiftc=Enty zcuandet o ci: dehnclbudr odurs
WLhit' ncreasizn electric tield. -the suggested functional de- - on()myb s ailsttonahug tmazot: be a valid matheni~at:l -description of the comrplex bbe
pendertce cannot also explain peculiarities of a gradual i- hvo.A sse rm:e~uto.tebhvo fbt
I-zs of the dielectric pe,7ittivity in the rezion where the 1n $, isdsrbe .. .. e fcofiins o i
pe~tttiviry beisto grow upon increasing amplitude of the re( 0)adses-e T=)bona cnitn.

~.ccfeld. 8 It should be noted that Eq. (2) is purel: fti Terfraleecrmczia 7oaicet dec din -
t:'.e and it is not a result of Ithe Taylor series exransion. cictic mehncl n aeatonnnierte hud

Thiswor wasundrtaen i anattept o ivestgat :.own for findinz values cf S and D for arbitamry boundary'
ex:-erim,-entall y and theoretk-aily the behavior of compiex pi- zonditions. In addition. f-,2ttency dependencies of these co-
ezceiectric d31(E,) aind dieiect.:ric eý(E,,) coefficients. and ef-cients should be derennined because of the frequency dis-
=ei a-mofitude of elastic s'E.)coefficient of soft P=L Un- --.-Sio n in the nonilinea &-ehavior.3 This is a very compul
%.cr 'ntzh sinusoidal electric fiellds and stress-free: concutlons c~e ask lying far beyord the scope of this work..

1 0Pin the frequency ran,-,, of t 0 Hz -l[ kl~z. The ap- n thi work. dieiec--i -roperties along the poling direC-
=rcac', adopted is desc ibed in Sec. 11. Experimental tec~h- -.(;n !the Z axis: subsc:"rit3 and piezoelectric and elasliC
m iues are presented in See. 1111. Experimental results are ana- properties in the perre%ýciiar direction (the X axis: suc

.ýz-!t in Sec. IV. Nlathematical and physical mode~s a-rd 1~ip ) are studied. Equauon (D) can be used as a starin2g
nLr :ompanison With expenmental data are considlered in point for findingy the apprccrtare experimental technique rcO

V.Sumnmary and conc~usions Lire given in Sec.-s. -rneasurnna correspondmng -ýanctional dependencieshee.
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D. Tj . S,1 . In the final port of this section, limitations Of
the suz~esred measuring procedure related to possible inlac-
curacy o'f Eq. (1) for describing hysteretic behavior will be
considered.

As follows from Eq. (1) for a panicular case when the
electric hel--d is applied along the polar Zaxis (El = E.=O.

E,= rE_). and the mechanical stress acts only along the X ax'is (N
(only T, = 0). the relations between S1 , T, , D3 , and E are
written as

= . ~ £ TZ~ ~t. .SChematic view of the poiarcz-d ztezoelectric plate in the cantilever

1T1 =s - d31E-- ITT+ 2d 1TIE connlp--mon. P, denotes the vector ioonraneous polarization directed
.iionz :±e- ;oiar Z axtis. Voltage U is acsjiied to polar surfaces of' the plate.

_3~t17EE2+d333[Tt'-s11R31ii

D- -. 7r

- L.- ~ 3333  Meaurin resonant frequency of longitudinal mechzni-

By zroucing all terms, which depend only on the electric cal. vibcrations excited by the -;iecuic field through the pri-
ned. ad inrdcnnarv - iezoelectrc effec: has been used by several

authors. ..1- Since the resonant frequency is a function of the
d~1iE'i= d1 ~R31ER 33 1E--...(4) corresponding mechanical compiiance. the dependence of

- - a'hE.E e :rrec~uency on the eIectic -:,-i zives information about
e~. z - .~ ~ 3 3E"'....nonlindarities in the rnechanicai; comtnliance.' 5 fthme

and _ohanical. quality factor is hig- !nouzrn. mechanical nonlin-
-~~ E 5 e~~arte ar-oiatbcueof avery high level of vibra-

~ ( ions. Therefore this method isnot applicable for ri~ding
d;:~~~~ E7=~-~d Moreover, the fr-uLc rne of primary interest in

- 1T1- 3 3 -i s Sm'z&.' was 100 Hz-I' !::,z -.vbiie the frecluency range of
Ea 3~ 1--b written as ~o"iivibrations is usuaiiv arabove 10 kHz. Thius.

atnotner --,-e or vibration should ce onsidered. The bending:
.TI) T, -d31(E)E. 16) 7.ode. *.vhich is excited by th! tcieca:ic fleid in bimorph can-

D~=i E.1)T-~-~(EE ~e.'rs ia 0 may be a :o-;'ibie alternative. The funda-
:nermal :L-sonant trequency or . nasndin vibrations is-

T'hus. teie rnoechanical coe*fficiet SE(E.T 1). d3 (.
dI:1iE.2 7": and JL(E) are functions of the electric field and
mecn"anUZ.± stress in a nonlinear -iiezoelectrc media. In Eqa.
i6 j. terta desc-ibine the interaction between E and T, (e.g '. -' . 3
d - 1 and R - are included in sf, kE. Tt) and d3,,(E. Tj) ~;
instead o :hds they can be introducedi in d31(E) and Z~(E).

resectve:.'where :.is the thickness. -stle len-gth of the bimnorph
As foilows from Eq. (6'). strain S1 and electrical dis- cantilever (Fig. 1). and p is the ien!sirv of the material. Nev-

otacemren-, D, ore directly related to d-j(E) and 4~(E) under erhies it is quite difficult -to anayze the dependence of v,
stres-ree ondtios (0).on E in :niezoelecrrc bimorohS since the mechanical stress

can reach a very hieh level. ard. in addition, the stress in
S, =d: riE. (7 .onunif.Crm. Preliminary expeirraentai studies showed that

L= E)E' =. 7 cerdinz resonant: vibrations .a zz re excited in piezoelectric
piates r:oled along their thickness IFh-. 2). These bending

Inus. ocera:-cients d31(E) and E63kE) can be determined by
rneasurtn:: -he mechanical strain in the transverse direction -iorat.n rs u onnnfr itiuino pnae

ous z;oiarization of domains. 3e-cause of a relatively low
and elecni"cai displacement in the polar direction under Ieeiotebndgvbrinsn eneoecrcple(i.
stress-ft-ee conditions. If the sinusoidal electric field is used. it: easuedtat the mnehaicaolcom cplance d Fe.ed

the amciirude and phase characteristics of harmonics of S, onE on asue ta the electricica fildompl)~~( iae.nte depen-s

and D an begauged 'n-e or Y,' on E is caused maimyv by interaction nonlineari-
Measuri.ng 41,(E.Tl) and d,'E.TI) is a significantly .ý k - :~~~ies. e.g.. d3 lI in Eq. (5). The correspondingaequto

More cCMoricated problem since coefficients describing in- cicdswt h aeoeg~aeeuto
can-e ihtesm n ddscribing bending vibrations

:eraction 'between E and 7T should be determined. Therefore. ao~teXai nalna i~eeti em
the exce=:nental technique. which gives only information

abou .r'. ~.u =4(E)(stress-free conditions), was adopted
mn the :resent: study: measuring the fundamental resonant ~ , 24()~
:rcuenc:' of bending vibrations of a poled piezoelectric-()

o:2raIMcc :!atE :n the cantilever configuration (Fig. 'I). C n
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where 77 is the neutral surface displacement of a bent canti-
lever (Fiz. [0.2 Assumingr that the plate is driven at the reso- S 6 ESE (E.)](O1-) =[sf(E.,)j1)]cos~ico.0. (10'i
naint frequency Y,. E=E, sin wt) and all other harmonrics
of the- disolacement have a much smaller amplitude, the dis- whrere_ rsE (E,,)1(" is the am-piicude of the ith harmonic. Sub-
placement is written as 77= 77, sin(cu.O. Expansion of :he stituting Eq. (W0) into Ea. i9) and raking into account only

mecanialcompliance in the Fourier's series yields term s contributinz to the nizdamentai vibrations, one obtains

l2 '{OfSE (E)T0 ) sin( w.r- 4.) fs~ E) ]12 sifl(oW~r-w

S ince! fo r a low level o f losses. / -2Z, Eq. (1II1 reduces the fundamental resonant frequency of bending vibrations v,
to a similar one describing the amplitude of vibrations of a of piezoelectric ceramic plates in the cantilever conhiguration

liner ~ezolecric eam Thefunametal esoantfre- wVere chosen for characterizing the behavior of piezoeleti

quency of bending, vibrations of the cantilever is written as ce-ramics under high eleIncelds. S, and D3 were deter-
mined by measuring harmonaics of strain S, along the X axis

l.S72 t ~ I =d of the electric currentr density J along the polar Z axis

3 {C r~ (E-{[ ) j0OL.t i (E)'spunder the sinusoidal elc dfeld and stress-fre conditions.
-1 cer.amics with low eecconductivity the harmonics of

Trnus. measurement of the resonant frequency as a function .he eectric current derisi: 11.. are directly related to the
of th ieeciric field gives an idaof the field dependence ofr amnc fteeenci.lnaenn ()
the zrx,-.iiude of the first. =nd third harmonics of the "ne-
caaziczi comoliance. It must *-e noted that throug-h all deri- D J"' wr

vatons it Wa's tacitly assume,- :hat Eq. (6) is a proper de- f
. tinof the high-field be"aVior and losses in the rrediah

were ritaiected. =~1" twr~ 1~~. (

Aks was noted above. E:.. 6) may not be valid -or a-
sv5s-a- with hysteresis and losses. For a hysteretic piezoeiec- Where w is the angular i:cecv of the applied elecc feied
rrc me-tia with the given :oundarv conditions -e* i , i~r) ~ad. r h amolitude adoaeo
sconldinz3 piezoelectric relations cn be written as heith harmonic. resoec".,-eiv. In addiftion to St, and /,.

S(T)f( fiT: -. ;(E). :--ersible change .? :te remnant polarization in the,
I zolar direction under :t_,s-Zd electric field was measurec

D- 1(7&- a,~( E)g-, 71 i--,(E'. since this method also :rv,.ides inomto eardine hvs-
wrer f( 1).f(E. g(T 1 . ad g(E)aremdiipi-vaued :ere~ic properties at Tie:Zdiecrric ceramics. It should be
tuncion sice ultvalednss s ihernt roprtyof ys- stressed that this irreven nre cnange A!Pi can be caused by

teresis -see. for example. Eq. i-)]. For T, =0. Eq. (13) re- otthspnaneous noilrzto eretto n ymr
-LCZ 70sis in the mechanical *xundarv conditions for ferroelecariýc

dlomains under applied -iicmic feied.

D~ .. (E). Ill. EXPERIMENTAL "iECHNIQUES

7aus. measuirements of S, and D. as a function of E under Soft piezoelectric :e~d zirconate ciranare ceramcs
T- =0:J an provide information about which of Eqs. !' i and ?=40H- (Morgian vlatrcc. 'nc.). 3203HD tMotorola. Inc.,-.

or 1 4) is a correct descrtinopizectiadd- and PKI550 (Piezo Klne,ýc. Inc.) were used in the expert-
e~crcproperties under high electric field. In contrast. the merits. The ceramics are donor-doped PZT and have a

suzpeszed procedure of measuring, mechanical properties by c-hemnical composition nerthe morphotropic phase bound-
means of Eq. (12) is a limited one since it is based on the ar.'. Prepared samples had a shape of parallelepipeds with
assumption that Eqs. (6) and 1 10) are valid. Nevertheliess- It -ectangular cross section. The thickness Of the samples wa-s
is :easonable to assume that tnese equations are correct if the T-4-3 mm. the width was 3-10 mm. and the ten-ath Wai

eercfield and losses are nout too high, Moreover, the va- ~-)mm. Surfaces havtins the lam~est area were el~ectrode,_
-)*f Eq. (6) is not resL-c:edL to the validity of EQ .s. (i iteecresnickel or tpuertedglan thsmle

Si.~~~~ thrfr unto sI1~~s(E,~)'- ) on- were poled alongr their thickness at 90-120 OC with
71ine,; ro meuring v. can provide information about 15-20 kV/cm in the siiicon oil bath. All measurements
nonhi~ner or hysteresis origin of these dependencies. we-.e conducted on samples aged for at least 24 h.

...us, the mechanical strain S1 and di lectrc displace- The harmonic specnam of the electric current density J
:7enzt DI of unconstrained priezoelectrnc ceramic plates and :,hrough samples under"".e applied sinusoidal volta-ceUwa
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~ AMPLIFIER

I ýSA tlj
I~~ L J SC LO SCO0PE

LOC~C
AIMPLIPE FIG. 5. An experimental seruo reasurinz reversible and irreversibiy

,maniinha poiarZzarzon.

Fi. erimental setup for rneasunrig D,(E). j'denotes the direcdon of'

a strrnin gauge amplifier DPM-6M2 (KYOWA Electronic
Instruments) were used. Frequency response of the strain in

mneasured by means of the experimental setup shown in Fig. the range 10 Hz-l10 k.Hz at *aow electric fields was measured
3.Resistor Rm =3-50 (. was chosen such that 100R,. by means of the laser inte-rferometer. The electric field de-

4 UiwC~.. where C, is the capacitance of the sample. Volt- pendence of the stain in the re~*uency range 10-500 Hz was
age across the sample was delivered from the power ampli- gauged by the strain gauge serup. Phase delay introduced by

90Q Series. PCB Piezotronics. Inc., or PA-250H-. Julie the strain gaugres was caicuaie sn hs hrceitc
Research Laboratories, Inc.). The input ac signal to the of S, obtained for the same Sample with the laser interfer-
.owar amplifier was supplied by a generator DS345 iSctan- tmeer.
:crd Research Systems. Inc.). Voirage across resistor R.-, was The electric field dep.endce of the fuindamnental reso-
ea~uzo by a lock-in amplifier SR81O DSP (Stanford Re- riant frequency of bending -;Thrazions of the piezoelect-ic
Searzh, Systems. Inc.). which was synchronized with the out- canniever (Fig. 2) was J , -=ied by measuring the fre-
-ut :octaae of the ampiifier by mneans of the voltage divider. iQuency of the maximum t: iJispiacement along the Z axis
r--r raeasuring the harmonic scecmurrn of D- at small electr-ic rFig. -1). A photonic sensor '.IM :000 MTIM Instruments Di-

'eow.s aS6 vts:cn) with a crepnJ- ze feetoi pculment
o-distorrion genierator D56 Stanford Researca orsoda e o lcrnceu

SSvztms. Inc.) was used without the amplifier. Voltage and wera used. A complete descn~ton of the experimental seump
ranges of the excerim-ntai sectup were 0-300 V is --4_en elsewhere.'

,..s=.d 0-:0 kl-z. respectivel;y. Harmionic spectrum of J 7o measure the irvri: nnein the remrnant polar-
waizcitdfo h olwn cain zauon under high electric -!;d :he electric pulse technique

L2~ was used (Fig. 5). A cair of szngeia rectangular pulses having
J sin( i wt - -: 1') 16) omcosite polarities or singz: sinusoidal pulse consisting of

one :-eriod of sinusoidaloitz were delivered to the sarmie

.vhe~ U isthemeaure amlitde f te ih hrmoic f b means of the generator $35and the amplifter 790. A
ne :,cii~ta across resistor R... A 'Is the electrode area. and dg:locloco ~Cc SQ dryCroain

s emeasured phase of ±e ih harmonic of the ':oit- wit -.robe 10:1 (10 %nlf i nput resistance) were used to
-, ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r - ~ -l' n eeue o mirdeasure the induce-d on zz_:acitor C,,= 1.0f 154F elfectic

~z i .~ ,i 16 nn In ch-ar~re-. The amount of the =rZversible change in the remnant
D.. arid phase x~ of the 'th harmonic of the electr-ical o~ain ~ i ua:
a, iSp, =eme nt.

A-mcutudes S,"2 and phas;es ;Pof the harmonics of
sarim S were measured by means of the double-beam laser PT .(7

m.-terreromerer I and stain Izauies. The interferometer is de-
;C7roed -1ehee' An-~rmna eu o esrn where A~U, is residual voit:_ý- remaining on the capacitor

Sramn with stain gauges is shown in Fig. 4. Since poled pi- C,~ after the second of two :onsecutive rectangular pulses
ezCe~ectric: ceramics have symmetry point group =mm uflere witr"I 00posite polarities acolie`d to the sample. The capacitor

15a .o nedt lg h tangueaogacrandrc a hort-circuited after the :irst pulse. Presumably. the sec-

:.:on Z: -"e oolar surface. Strain zauges KFR-02- 12-C- 1 and onrd voltage pulse is the or~e -"using the irreversibie change
in :he polarization. The Jua-mzon of each rectangular pulse
was 50 ins. Equation Q7 l: s also valid for the sinusoidal

STRAIN
GAUGE -ulse if the irreversible hAne.P, takes place during the

_, AEI second part of the Pulse onil.. T1he duration of the sinusoidal
~.MI~iE I ( I MPU~ER GN ER~~ ulse was 100 ins.
SANIPLE Ti o characterize D.. -E'. SikE). and S1 (D3) hysteretic

10005s. a modified Sawyer-7ower circuit with C,, = 9.64 ALF
~i~'iwas used (Fig. 6). Generatorr DS_345 and an amplifier BOP

jjj lE 1E~ icoom (KEPCO Inc.) wit anOutput voltagze up) to 1 jzv
SY~c~oNz~mi~ ejiered high sinusoidal N\oitage to the sample une test.

'C.-~.n ..xcenmernta setup) tr 7r ., straiun S, by means of --train Crystallographic strum,_-. of the ceramics used was de-
temndby the xt-ray diffrz-ion (XRD) method (Cu Kaz
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FIG. o. A rntcdired Sawyer-Tower circuit for measuring hysteresis loops. . 05

1.00-

charac:eisdc line) using powder diffractometer SCL'T.AG
VAX 3100 system. A spectrum produced by the Ka, line of -, . (O"

a Cu source was stripped off. . . (

All measurements were carried out at room temperature.
A. smad-signal complex dielectric constant e5- at frequencies -3 -

far from resonances was calculated by neglecting nonlineari- .4-

0ties =id using Eqs. (7), (15), and (6),.

:rn•VmR ,jr , •m21.7

(1O 0.2 0.4 o., 0.8 1.0 12 1.4

-U,,, EeCa-,c 7!e-id (MV/cm tMis)

"SC" . F•eld dependencies of the .emiave •ioirudes of Dýj,2.ejo 1E, and

where ,s the amplitude of d,.e applied voltage and is .,--',E, and of their phases :or ?;2.5.0 at 100 Hz.

eid':.ess of the ceramic sarpcie. Since eJ is complex, it
a.so zor.=ins informadon about losses: dissipation fac:cr

D"iand fE. s a function of E., Rela-

H= 9) .'.'ive change in the ampitudes ,f these ratios and their phase
:harzcteristics as a function cf .E., for the ceramics studied

ft wa.:- sumed in the e6. calculations that the oaraiei ar, o F .- 1 andress~a':e-.'a~cianc (RC, :L'cut escibe eec~at are Sn~own in Fi~zs. 7-9- D-'- e,4D IE,, and (-s1E
"C descries e-ecca.

- "cact.,-ere normalized with respec: :o their value at low electric
c•'.r-::ersttcs of the ceramics. Smail-sig-nal complex eie.. ,,<20 V/cm...s .s .e-n from these praohs. for all
"e;e": constant d31 was calcuiated from Eq. (7) using s p d.en opolarized cermi . . -,-id dependencies of the a-am-
ma-_•...:rde of the first harmonic of the strain S1. aea phased ceramruc

:;u,-de an pass o D:ý-1 S"1,:fOr each type of cerarnic

-: = _ __ I'. . :.0)

Ent 1 SLO00 HZ

IV. EXPERIMENTAL RESULTS . o..- .o

A-l measured values. exce.:t for those characterizing "
hysZere-sis loops (e.g.. coercive dield E, and remnant polar- 1.2 .

-zatc: P.a were root-mean-.luare (rms) magnitudes. T he
:esuu= :resented here were obtained under alternatinz ee- i ,.e-
r: c ;"-.id without dc bias. Measured small-signal dielec•'c

and :'ezceiectric characteristics of PZTSH. 32031-D. and .0 -4a`

P.K5.250 ceramics are shown in Table 1. Since D1e'/E ,  0-

and 3S e, IE, at a low levei of E, are equal to el. and .
C -esOectivelv. it is convenient to analyze ratios .*- .

TA3L-E . Smail-4ignal parameters of investgated commercial cerarnacs.

Small-signal properdies -"

E .P'" .kV/cm ,A,'c m: ?nVv Relative er DF.

10 m Z) 0m tiz) 10 .0 0.8a. 1.0 1.2 1.

.0 Hz) 2(0 Hz? 1i00 Hz) 0 .. o 0I2 1O a ... 4

z .: 20.0 -2:36 3235 0.012 E=c- : -eld (kV/crn ns)

- "-" S -2 , s294 0.017 - '"

S- . • ,.6 , -55$ 0.016 FIG. 3. Field dependencies of he .iative amplitudes of D%',.'"n /E. and

e-, 4'/ E and of their phases :cr Z;rH at 100 Hz.
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1.5 7.18

I GOHz v.(0=310.S Hz .. = 20

0 OD,, I6,, .

M > 10'

.2T 1 "_ __ __ __ __ _ "OI

0-

. 0.0 0.2 0.4 4 3.1 1.0 1.2 1.4

0: Electric 5-id (kV/cm rms)

0 FTC. 10. Field dependencies off ',./E,) ] and of the tip displacement
S-} • ar r'sonance for P1(550 ce-ramzc :iate in the cantilever condg.uoi, . The

.01
a

- .0-' * 0
0 o Frequency dependencies of functions D(.IE.,, and

-. ____________-_S.'.f. ,.in the range of 10 Hz-iO k.Hz in small electrc fellds
.0 0.2 0.4 0.8 •.s 1.0 12z 1.,• (less :han 10 V/cm rms) are :p.senred in Fig. 11. The func-

Electric F•Id (kV/cm ins) dons were normalized with scecr: to their value at 100 Hz.
As is seen in the figure. the -unctonal dependencies of the

FIG. 9. .I--.e:d/4endencies of the relative amoiitudes of Di•.i1d)/., and eiec-ical displacement and 3,ain. had the same tendency of a
.nd of their phases for 30.-{D at 100 Hz. slow decrease with incresmz `-ecuency. Scattering in t.he

ma~nirtzde of the strain me',ut-ed by means of the laser in-
rer-'e:oneaer was probably :zuse" oy instrumental limitations
ann spurious vibrations due :o "i'e samnole clarnin in t~he

was vtn: similar in the range of iY-1.4 kV/cm. Additional oicur. site d s i :e sult obaine it the
holder. Despite a good stai•,;, of esuits; obtained with the

expe,. .nr showed that this is aiso valid for elecric fields
at leasz un :o 2.1 kV/cm. A small chase shift between D-ý st-,n guge. it was found inat ine strain sauge cannot be
and S*: ,ý.an be attributed to the exoerimental limitations in
dete..i=:am:nz the strain phase by means of the stain gauges.
Ampi•;.•.s Di and S,) increasaed almost linearly with in- 1.02
creasing e , except for t:.e initial part (E,
< 0. 1 :<Vi.--., -ms) where the dece.dencIes were more corn- "
plicared. fr was found that there was small hysteresis in <
D,( E. . - ,.,",d S',(E,,) dependen.ies: upon decreasing the ._ - . .,

amolirude of the applied electric ieid from the maximum to I -._ 4. = Ga' u .•el~g"
a small value (less than 10 V/cm) the value of . .... S.'; t

_>,, .E and S',,(E,,)IE., , E..--0) exceeded their ini-
tial anz.iirudes by several percent. The relaxation time was .. ..
on the order of dozens of minutes.

a.- :d-. of the etfect of dc bias was also conducted. t - 00

was Frcud :hat the shape of functions DJ,.,(J/Em, and -
S'''(E_.}/E... depended significantly on biasing dc electric '"
field. I- :-e *iasing electric field was high enough. functions 096 - 3 1,g Sx= Gauge
D_',(E,,, /E and S\n(E.n)/E., had a bell shape. i.e.. they -.. 1.

even decr.aed at a certain amplitude of the electric field that
was not -"-.e case for zero dc bias. •, , ]ý . .M-1.i.m

The aeid dependencies of the ratio [C(O)f/ v(zE)] and
of the -.. disolacement of the piezoeiectric cantilever (Fig. 2) ,.o
at the '.ndarnental resonant frequencv of bending vibrations U
are shown "n Fig. 10. The measured phase shift between the
applied e'.'ectc field and tip dispiacement was o,- - 752 71 .
=15". As ;s seen from the fgure. v(O)IAE,)] 2 in- .,I , aug
crease-d almost linearly with increcasing electric field except ,0, 0 ,01 ,0
for low eiec-:c field. From a comearison of Figs. 7-9 and
10. the .zeid diependence of :vA 0 / L'-E,,) was more mod- F,-.ue:c- •IHz)
crate than that of functions Dk2(E,,)/E,, and FC. .equency dispersion of the mjitude of the drst harmontcs or ,he
S', (E.-, ' _ .tec..ci a.ispiacement • 3 strain r .n r Ow electnc
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Frecuencv dispersion of th."eqZamplitu) ade oF ath direland c1 3( t10H o h

ma~~u'.a~~~rv 'art) ofz forE, 32orH s150 asasostdid n
used at reousevcels aovte appie sz Tinsoidal il.Sne~ SSDsml r hw nFr ~s cause be seinn-h

partin Oi.s edelayi intruce sbale than 0.1a gVauhd iniia ongeai. n
perrnarz':v dispequal n tof thX~e.,E.)cudsg and the dieale andec iprin.I a lofudthtteewsas~

niia im nsaiit n h aslte v1lu of the r dieeti
iaeincte ars of these quntteswre calculate ando plttded un-

Ing n. As~ ise seenn in the'a gure Ahe shap of then frequec
ae 1-1:u olevelsd eve ihe theie ampuitidal ofd thSince ildicrae

fmi ied. i field s deeneniesýpr of the norm lzdampitu dees oi inisti7al tales ofdepeandec of th1ne slop of D~E, changedeti
D~/ E.,~at 100 H and 1 kz for th-ceramic studie 0.r du1n imeit conecudv mesurements Noieverthless.n

CienIn F1Mig.1. sshw i n qalt thý"e oraph. an noliea dincehse i endmaurmnswr en o eerlhus h
in~~~ ~~ the :is hamoi D1 at 100c Hzprio.I was large thand ata I soc o D/ was alms cossen ihhtintem-

The initiesale epartse ofE.11 the electric fi eld dependec of ta esrmns h eod~ fFt 4sosTha
dn'e! of. atesevea frquenciies andete. corrlaespondin plotte the nractio e be stwee in the ambids olut value and rhea parts

r-of s at wa is noliear. ie Mroe.hseei a
Fig.'i:--%Lsis sen n th ftue.te shpe f th fre uenc F eld depeen nciftes of amp litude sadp se of the i fel ficre std

P'ZTSH-lo curve deene thrn hamoic of~i~d theth alppcldipacmntfr d

- ' 1(50 0 H .. .* apl resow n i. 5 Fed dependencies of tenraie ampliuiso
P1(150 1 kz - zdes ad phaes o thM is and seon dO) hamncs ofth

Dý' 'i'37- aD 100 Hz andA I ~ o h eaissuiedaeI
32OHcM elecr--icaledispateconeuiemauementsfrante .30H samprltelaes

ven i Fig 3. Asow inow Fig 16. zt shul ae notedea thatas th lee oh
p ir econd mandthrdeamonics of- theoelectfricveal displactemn

in~.~e bye thes insrmmenta nD.inariie was at0 leas threreeha kz

T*-- iniial tiaes smale than thetri measure dealusc of . and Io
0.0 0. 0.4 .8 0. 1.0 .4 th c-eramisstudied. The secprietan dt of Fig.14s.how tana

Die at 2eea freuenie ands the corresondin leelorteseodhn

1. deedn'sC feTliZdapltds&D/,a 0 z tid haemonicsnasiess tfanplseudesald percents sownth fins
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-0.04 0.35
0~Z.3c) .3 - Recangu1larpulse

* ist0.201
I ~ ~ 002-nd ~O~

03-rd
* 0.01 0.10

10 . 0.4 *ia t.2 1.6 2.0

0 .. 0Elec=ic Field Wk/crn rn-s)
-0

zaFIG. 1.Dependencies of the irreversible change in the remnant polariza-
3 ___________________ don on the electrc field for 3203HD sample.

* 1-st
'50 0 2n

o 3-e Decendencies of the irreversible change .1P, in the rem-
~ .0 ~. ant polarization on the electn-ic iield for a 3203HD sample

00 0 018 1.2 :6 ~are shown in Fig. 17. AS shown. d-he change in the polariza-
0.0 ,4 08 1. 1.6 2.0non took place even at electric fields much smaller than the

mec~c Feld ~V/m ~coercive -equal to 8.6 kV/ctn. From a comparison of the

MI. 15. Fied deoendencies of amplitudes -and phases of the iRrst three amount: of the changed polarization fo siuoidal and ret
harmionics ofrhe el~ectrical displacement for ."203HD samplve. an-aular nulses. the change 'in the colarization depended on

[he armniirude and not on the rzns value of the applied electric
fieid for pulses with the same duration.).

was ziose :o -~90O or -~900 depending on the mutual direc- .E SE)anS 1 D hsetilosinInd3
tion of -he soontaneous polarization and electric field. It is k~~.~ o 23Dsmi r hw nFg.1 n
also follow5 that the field dependence of the amplitude of the i*rsedey h rqec fteeeac~edws1
second '-armronic varied from samoie to sample. Moreover. HZ. As soni i.1.S sD a ierfnto n
exoenrrmenraL results also showed that the harmonic was un- tere was no phase shift ben'veen . and D3 wilthrwa
stabie :.L-1 r~e Surcrisingfly. the third harmonic demonstrated ahse hfbeen03ad.adSadSatIkVc
saturaricnjikez behavior (Fig. 1-4). Thne phase of the harmonic rn-s. Im is consistent with oliase carac:aristics of the first
was close :a 9Q0.

Tolanizarxor A0 Hz.
.0.3 s±C/crn~ _____

Idiy
0.04.

0.0 __ _ _ _

~- a :O0~Idivt

ZZ O2-nd _7

95 U div

-100

1.; 0.4 0.8 1. 16 2.00. Cc

Electric Field (kV/czn rms) Ii

EG. :6. ýv zevendencies of anipliwudes and phases of the flust and sec. FIG. 13. oitE). S1(E). andS 1(o.) hvstemsis loops for3:03HD samtole in
oand harmortic-. -)r :he electncai aisplacement for another 3203HD sample. t~iec~c Ae'd I kVlcm rms.
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,Polarizauon I . 103 L.99 (Angsar

413.4 lctC/m" 27

I } I I
l13.-Jl.L.C kV/cm

/div i2
T

., 1* I': ,

45 ...kVc

o i I-

ddiv

IM!9992pm

r7

[0.0,4 %/div } t:e200002st h~oren 23-I ermc a

./ I\\': '\ prsne ntecrm .C~c iaefrmtedath /

DECON4VOLMrON -

-- ',,O. O Pr of XRD spectra dol, scand their deconvolucions s ow ed

I E a; a k/cn and 4apoied 3wa 03HD caanmics.
S- /div

phase while 200 is a single, in the rhombopedra. phase. As is

SaLseen :ro the results of the deconvourtion. ther. was a ionvle-
." ... , d. ( D se fr Hat :he :00/020/002 set. Thertfre. 3203HDy ceramics had tde

- chemical composition at the quorphotroeic phase boundary
lioN23 since both tetrim onal and rhombohedral phases were

ha ns D d$ 9whih dm oreseted in the ceramics. Calculated from the data the c/a
7 ~ j - I\ Vratio for the tetragonal cell was equal to 1.0 133. Comoarison

oft: spectra for deroled and eoled ceramics showed thal
there was a siynifecand amount of 900 domain walls in the

-lseooranonal phase oi the poled ceramics since the 200 To tine
-o edid notr disappear upon poling- he sample.

CM V. DISCUSSIONLi i /dly Ln the discussion of the experimenta~l data. it is conve-

sample9~ ner Sero. fiedSor nine defeding loosor thD sample, of nierit to begin from the mathematical anaflsis of field decen-
PIer 0, MRD k 'crans. The frecun.Cv of (he fied is 10 Hz. de-c"ies of the electrical dispiacementD 3 and strain S This

makes it possible to find an adequate mathematical descrip-
sion of the experimental data. Then, physical causes of the

harmonics of D, and Sh (Fig. 9). which demonstrated the observed behavior of the electromechanical properties of the
same behavior. Tis simple :elation between S, and D.% soft p)iezoelectric ceramics under the sinusoidal electric field
broke under an electric field that was higher than the coer- are analyzed.
cive flied (Fiz. 19): the behavior became hysteredc. It was A. Nonlinear model
also round that under this levei of the field. hysteretic loops
decreased in time but they could be restored by holding the A-ýs seen from Figs. 7-9 and 13-16. field dependencies
samr~ie under zero field for a time depending on the samnple. Of D"' 0 1)E., and S"'elE,,"I, for all soft piezoeiectric

Part of XRD s~pectra I.29 scan. Cu Ka, line) and their caramics studied show an almost linear increase wit~h in-
deconvolutions for poled and devoted 3203HD ceramnics are creasing amplitude of the sinusoidal electric field except flor
shown in Fi2. 20. This rance of 29 was chosen since the tlow electric fields (Fig. t4'). Relative values of the second
te'raganal (T) and rhombohedrl (R) phases are distinguish- haarnionic of the electrical displacement D also demonstrate
able on "-ray powder diffractc.mams at a 200/020/002 set of almost linear dependence* while the third harmonic of the
lines. The :00 reflections ;ern a doublet in the tetragonal eiectrrical displacement D, shows a saturationtike behavior
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(Fizs. 1-4 and 16). Mfachematical analysis of these dependen- -c [Oz-04

cies can crovide information as to whether nonlinear or hys- - i-St. fit * *~

rer-etic models are adequate for describing the elect-ome- 0 2-ndZ

chanical properties. As follows from the nonlinear model of .- 2ndioc

the field d-cendence of S1 and D, under stress-free condi- '3 - -- 3-4d fit . d

tions. [Eas. (-)and (7)1, corresponding dependencies can be ~ ,
written as<

D 3 = C E e33 .E6 3 333E 0.0 0.4 0.8 1.2 -.6 .0 1 0.

As follows :-rom. the spectral analysis of Eq. (21) for sinu- Electric Field (kVlcn rms)

soidal auzlied electric field E=E, sin(coO, the first three
harrnonics of S, and D3 (nor including the dc component) FTC. 1. Fitting, nonlinear model to exoerýmenta1 amolicudes of (he dr-sr

cani be dr'ren a trkuee ha-rz-ortics of D3 for 3203HD sampie iFIg. 15).

3 2d,' 1 i- TR 3;33E;-IE E, sin(co0, field exccpt for low electric flieds. Moreover, as seen from
(22) Eas. ("')and (23), the fact that -here are no losses in the

I nonlinear model of D"e")and contradicts ex-
- perimenra.l results, which showed a steady increase in the

chase shiift with increasinz a-molitude of the electric field
S 31 ~,---- 4 inwr-r),F:Zs. -- 4 and 14-16). The nonlinear function for approxi-

- / rwrng -."e third harmonic [last equation in set ('24)] departs
-' dicnry from the experimental data. In addition. the

-: E3 33 E - --E snt w)chase or -"Ie third harmonic accordinz to the model should be
-7.- Eq 23)] while the exuerimerral values are close to

7, -, g F . 15). Using Eqs. (5). (11 and (12). it can be also
D = i-3E&M-- jEsin:w--- so-.,. r for the nonlinear mode, :he relativechneite

- 21' ~resonan' tezec squzred. Lv,(O)1IY(E,) 2  is described
-, - o' a cuadratic law surmir to one, for D"),E, ad Sý'/E,

~~-M)E~, sintI 3ur - zr). eetee corresponding txcmetlda(Fg 10

,dernonstrate approximately linear d.ecendence. Thus. as fol-
AS seen fCrcm Ecs. (22) and (22'3). teseries in brackets con- low.; from the analysis conduc:.ed above, the nonlinear model
sisrs of odd- =ow.errs of E, for tv-en h'Iarmonics and of even does not ::rovide an adequate descrictrion of the electric field
co wers or Z_ for odd harmonics of S, and D3 - Keeping deceneencies of the studied eiect-omechanical properties of
only zwvo L4=r za. ns in the series expansion of the harmonics :he .;oft afezoelectric ceramcs under stress-free conditions.
of D: . cori-esconding approximating functions can be w~rit-
ten as B. Hysteretic model

As was discussed in Sec. 1. a hysteretic model can be
M,-rn suzzested as an alternative for desc-ribing the behavior of the

soft :)iezoeiectric ceramics under acniied electric field. The
D' _e Z,~ a;E"In main peculiiarity of hysteresis is muitivaluedness in fiinc-

D'm a.3- -aE- 'ionai dependencies. It should be nioted that from the math-
-zmat4cai v-iewpoint the nonlinear model is a partial case of
the i-ivsteretic model.

0 As was shown in Sec. 11. 1o.14) is the most general
o a~ia:E~,hysteretic -unction which can charac-terize electric field de-

oendencies of D3 and S, under stress-free conditions. There
where a, arz rtcing parameters. Thus. five constant pararn- is an experimenral confirmation that soft piezoelectric ceram-
erers aeusesd :or approximation of the amplitudes of the first ics demonstrate hysteretic behavior in the electric field. As
three harmocnics; of D3 with polynomials. Fitting experimen- follows fro Fg17anirvsible change AP, in the rem-
tal data of Fig. 15 for the first three harmonics of D3 acod ant -,olar-izarion takes place in the periodic electric field that
ing to Eq. Z-' ) is shown in Fig. 21. Clearly, the functional is Much smaller than the coercive one tFig. 17). This irre-
dependencies o~r the first and third harmonics do not describe versible change. i.e.. hysteretic process. contributes to the
satis: .acor,;cv -.."e experimental data. The first equation in set oeredincrease in the amplitude and phase delay of har-
(2'41 crrescones to a quadratic dependency while experi- onsof D3 with increasing ei!ecrrc uiefd. A qualitative

mentl dta or ~11 J~DE a aproxmatly nalsisregarding the correlation in the behavior of D,, and
linear _e~-,e-_,ce of the amplitude on the applied electric p. vill be given later.
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D3 rn the periodical electric zie~d with two extreme values
-E, 7 and -E,,,, the following initial conditions are fultilled

down for steady-state hysteresis loops:

D~( 3~ (26)

In addition, in this case at. R3. and -/are functions of Em, otily.
_____Using Eq. (26), Eq. (25) reduces to

Dd(E) =D!(O) + ct(E,7 )E- -,,(E.7?)E
3

FIG. :Z. Schematic view. oi =ior hvsteresis loop. fu3(m) 2  p.

[ £1u(E.) 13dfEm,)]El , 1d (Em)E, down.

We '-ezin from the analysis of che second equation in sell Whr

1-" - As Suming, that the decendenc! D, (E) is hysteretic. and J
nez.7ec:.-_ by frequency-related hrzteresis. one arrives ac the ~ E~ ~a,(8
model, of the static hysteretic transducer.19 According to d(8

%NtaVer~rovz. 9 there are two n-pes of static hysteretic tras- Y m
ductrss: one with local memory in whnich the past exe-rts 41C -aSas seen from a comparison of Eqs. (21) and (27). the

flu~nc lio h uuetruhte urn au fotu aylor' s expansion coerfiietas in the hysteretic model be-
D.. ~ and one with noniocal memories in which :-durr :--me a function of E. and -td realation between D3 and E

outut ar e depend not oniv on ;its current value but on 'ecomes a multiple valued function. Fourier's anaiysis of
P -iz t~'ame values of input i e.z.. E) as well. Experimnental za-onics of D3 for the hysteretic model (27) with E
dat a for :iez-oelectric cer ics -demonstrate the existence z a.,sin( cot) gives
or .crs-sing and parTially coincicet= minor D3(E) Loops. This
suzgest :hat the future D- value iS not uniquely spec~ied *.-3( -3y(
current- '.'aues of D., and E. Thus. it is reasonable to consider - D(), "

piezce~tc". .c ceramics as hiysteretic transducers with non~io-
nMn=orv. I)1'CaE i1Z . sinkwr)
Sincz experimental hysteresis 'ooos -E)adS;E!a
-1-`z -eis mchsmaller than the coercive fleid hv

Mther simuje aeome~rcal :nac.es Fhz. 1S). truncated Ta'.- 3 1 0 E '()£ In (w)
fors -"ris can be used for desmrbing ascending and "e- (9

scandinz branches of the loops iFiz. 12): .

D--. Ei D"(O)-at'E-T'E:-v:-T.~, ? Ef7 sni 3 r

-. 3(E,) E;cos(3wcur.

E! D1(0)a-'E v-1-". n -erroelectrics such as soft a)iezoelectric ceramics. which
V 1 i3 have a significant amount of Jomnain wails and very complex

elastic boundary conditions. it is reasonable to assume that
'xne:zre . /3. and -/ are functions depending on the corre- -funcrtions a(E.7 ) G(E.,,). and I(E,) are rather smooth and

sPo r~d"in sequence of past e~xtrem-um values of the eiec~c are well described by truncated Taylor's series at amnLitudes
;ie~d: zuperscripts -u-* and -;-describe ascending and de- of rhe electric field much smaller than the coercive one. As
zcertn~ng branches of D... eSt'civl (Fg.2).Cary ming that yI(E.7?) 0 and expanding ct(E) and i(m
S~r S. can be described by Che eqUUtions analogous to Eq. lz~.ior's series and using only the first two terms in tries

I ~series. Eq. (27) reduces to

D~ ~D~O)-a-L.~-{ L~g- ~~Em-j3"~ E. E - ()3-)-B'E,7? )Ez. down.(O
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where cz'. a, ,/13(). and g,~ are 'he expansion constants. It
can be shown that Eq. (2) introduced by Lord Rayleigh for 9- '1
describing the hysteresis in maz eric media is a partial case
of Eu. 3 01 when the reference !evel and it's change in the 41

elc ncfeld are nealected in both equations and aeo = a.; .21
a 3-2 2,G n =3R , and R =3,ý=2 0. T ~
Corn!sponding to Eq. (30) the first four harmonics (in-

0~1Ocluding :he dc component) are-

ia -E 0.0 0.4 7.3 ~ . .

Elccuc Fild (kWlcm)

cr+ t~)Etsiniari 1= . Experimfental values of n I~j~? rmdt i

3 (,30 61+3 E.,,)E;, cos(wt),

DE''Sin! 2Wt -- D~ sin( g')/1D(' sin(ol') is equal to 2 1, which is larger
* /than :the experimental value. herie-fore, polynomial D- (E).

- .which includes terms up to the fourth power of E. should
D' :- -,01I 'Em)E-. sini 3w- give a much better approximation for the third harmonic.

-, since, in this case. the hysteretic iarr of the dependence is a
wh.-_e combination of terms containing E_ and E'. To overcame

- "'B~Er -I- d :he. discrenancy in the presentation of the third harmonic
3.,Z 3.*E30  7 1 E,~ -, 4 --he harmonic can be locroximated by the funczion

- . .:rocort:onal to the corresponding part in the ftrst harmonic.
3?' Em 1 Teref~ra the last equation in the set (3 1) transforms to

1 us. c.3 1 can be considered zs frst order aoproxima-
tion for -Jescribinz harmonics of ~ehysteresis dependence (3 /'7E ni3-
of D on :esinusoidal electric nei_; £E., sini wr. A set of 0 =3"~- W-) ~
euationS analogous to Eq. .3i; .tzn be alsowrte fo nl' ain
Si E. s:s seen in Eos. ( 91 Z 31). there is a phase .. inoacutteatththepseotefrth-armori.c is relatively small, the following set of approxima-delay .. 1 n t1he first harmonic D&. -which appas owingpears. - nonruc:ions can be written for the haysteretic model [for see

to :ne _tszresis. It should be noted- thýat in the type of hys- cmasnE.(41
teresis 'con schematically presented :ni F;g. ZZ..,"E,
and 3't IF-. < 0. Therefore. the phase ,,f the first harmonic is Dl.
always ne:i..The sign of the -:h-se of the second har-
monic dezands on the sigh of the sumn Y3(E ,-.Bd(E,).
Decendinz on the mutual direction of the remnant polariza- 3
tion and the applied electric field. thie sumn can be positive or.- )
ne,7a-tive. .:Ie Sign of the third harmonic phase can be neza- -- ar
tive or posizive. but for the dependence represented by Eq. (d
(330) it should be -- n-2. Thus. in the ,rst approximation the D - :ýh EE.
phase shift -)f the second harmonic is;5 ' and of the third 0 cE
one is ;'Ea. (31). This qualitative an-alysis of phase D-a .

charactearistics of the first three harmonics of D3 is in agree- 3)06 / 3 1 )/3g 1)3E. F.
menrt with ::-e experimental data of Figs. 15 and 16. It should Dai E
be nioted that the nonlinear model [Es.20-(23)1 fails to
explain the nhase shift in the first 'harmonic and gives a Thrus. 5ev.eni parameters describe first three harmonics of D,
wrong :;hase of the third harmonic. (including the phase of Dy') in the model of the hysteresis

As follows from Eq. (29). D',; sng)D<sint (0"' transucer; It should be noted that Eq. (33) for the third
=5and corrzsconding values calculated from the experimen- L-arrmonic does not follow from Eq. (30). Fitting, Eq. (34) to

cal data of e 1Fz 5 are given in R4,i _". T-he theoretical value the expe,'mnEtial data of Fig. 1-5 is shown in Fig. 24. As is
is smaller -han the experimental ratio. which equals approxi- seen, from the gramph. there is a good agreement between the
mate!,v 13. ae ssume that the discrecancv is related to the hysteretic -model and the experiment except for low electric

limied cc~c.' f te pesetatin o th hytereis y te felds. Using results of the fit panameters, the hysteresis loop

cubic okn iasin E [Eq. (125)]. which -gives the hysteretic [Eu. 3o), a eretrd From the loop, the irreversible
part :eppresentzed by quadratic terms in Eq. (27). Analysis change inl the remnant Polarization AXP, during one cycle.
shows, .hat :::h,- hysteretic part of the d;ependence D3 iEi is which Is c!a to 1 [seE.3n
descnrieda -7%. -.re term including E only, the :-ýi can ýe --ound. Calculated Ajp ; n zood agzree~r_,t wvith the
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1 -~ 0.04 tric tield chan'zes from -Em, to - E,). With the dc bias
- i.~ fi applied, function 633(E,7 ) can differ from that described by

4/ 0-n03 Eq. k37).
-- d I2-nd. fRE A As -seen from Figs. 7-9 there is a strong correlation be-

-t Sd-0012 tweetn pairs D~~*' 10OE, and S''e'-/ E, for all ceramics
3-rd.fir /studied in electric fields 0-1.4 (tV/cm rms. Therefore. the

0.1suzzested hysteretic model should 'ealso valid for function

fiEld in ti a-.Creunigto Eq. (36) the strain-
0.00 ie~drelation under stress-free conditions is

a~~S * -s ~=d~l(En)En, (38)
.2 1 -St.fit Ii

where S'm is the complex ampliinide of the ac component of
the mechanical strain in the direc-don perpendicular to the
polar axis and d31(Em) is the complex piezoelectric coeffi-
cient in the sinusoidal electric rielld: the coefficient is ap
proximately described by the function directly proportional

oi~ to the right part of Eq. (37). Thus. as 'follows from Eqs. (36)
0.4 .8 12 1. 2.0and (33). experimentally meaisu±'ed complex func-rions

Elecaic Feled (Ky/cm -I '- ' and e,9,/E,(see Figs. 7-9 and -1-I) are.
:'fal m 7 cope ilem i :,i, n ieolcr

FIG. _'4. ==, hysteretic model to experimental unpoiiudes of the d ca ocope ileti ;i m n ieolcr
dree L==s of D., for 32-03 HD sampole -Fig. .i a E. cecnt.rscjvI .

It is also reasonabie to assume :hat the behavior of eias
t~c oroperries of soft piezoellecac ae-ramics is of the hvster

measure-4 -esuits usins: the sinusoidal-pulse technique (F;c. i:c '-eand mechanical compiiance sfiE)i ecie '
7':h :he diSc-enancy does not Mexed _'VO%-1CF a formuia similar to Eo. 37's. Thetrefore, the first harmonit

-1hus. =analsis of the hysteretic model of D,( E) con- should ',e dominant in the ac ý.arz=onent of the mechanica
duc:;!d alrove demonstrates that the model is a very good responise and should increase linecriy with increasing amplii
ancroxirnadon for describin: the behavior of the electrical. tuac or :he electric field. Therefor.-. the fundamental resonan
dispiacentent D- under the hiah electric field and stress-free r.recuericv of bending vibrations an:7der stress-free condition
conditions. A simplification or the hysteresis loop D-3 (E) can senofE.(2isdsredb
ble made since despite a significant change in the dc compo-
nient andia rsz harmonic with increasinz eiectric field. the 1.375 2 r,______
re~atlve ev of the second and third harmonics does not 1 ____ 3

exee svea percent seFgs -I.Therefore. Eq. (330)
reduces m 7wiaere sý':(E,)I is the ampiitude of the elastic coefficient

Ds' ~ ~ D DX(,)D'(EmJ E4si w.(3) Afiws from Fig. 10. Is' E. increases almost lineari,

Thus hedielctrc rspone o th sof pizoeectrc PT with increa-sine electric field that ;s consistent with the suz
Thus th dieectic esoose f te sot pezolectic ZT sted liysteretic model. The feied de-nendence of the amlii

cerarrucS :o the applied sinusoidal electric field. which is rude of s-,(Ern) is more --raduai than that of eý-E,) an,
smaller :,an the coercive one. basically consists of two corn- d:E.Frexml.fr KSOcrais sfolw r

ponentsE: e dc part and ac part at the same frequency w. Fg. adE.(7. n
Lsually since only the first harmonic is of importance. E hW rmFt.1 n a 3' I( Em)S(

caes:-i -he remnant polarization level can be omitted anitU
comnoex-runctioni formalism can be used Cor describinga the =-0.99S -0.097E,n. where E., is in (tVcm rmis. Thereforc

dieecttcresons:-he slope of the function sakE-.) is about 410% of thatc
E(E.)for these ceramics.

D"=-,(~nE,,.(36) Thus. the analysis conducted above strongly supports th

woere~~~~~~~~~~~~ DrIVi h ope mltdeo h ccmoeto yOt~hesiS that hysteresis is the cause of the hiszh field bt

teletical displacement along the polar axis. and ell(Emn) aio-re of a the so pndnc o piezoelectric cemisPrvous Works'3
is :he corotiex dielectric perroittivity in the sinusoidal eiecc- tgse thttedeedneafpe=eeti-cefce

tricfied..*.vhch s aproimatly ivei b [se Eq ~4 .. applied mechanical stress is aiso of hysteretic type. As
- ozicai sequel to this. it can be assumed that under simnult

6e-. E.- a.-Cj')- rtn..U-"-i neous action of the electric field and mechanical stress.d
(37) ec-ro mechanical response of the ceramics will be esse.

:ially of the hysteretic type. If sinusoidal electric field is at
Wre r racticully coincides with small-siunal dielectric -ýiied a long the Z axis, and sinusoidal mechanical stress ac

pe lr-nr:;..;L CX)C It should be noted that Eq. (37)i aionL the Xaxis. the following a feutosmyapo
%a:d .';or the case when no dc bias is applied (The elec- -nate!'. describe the electromechanical response:
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S'.. - S (E,,, .Tlm)Tlm-d3I , 1 1 ),, One possible explanation of the observed behavior of the
1 31 , l,.E,,,(40) electromechanical properties of che ceramics is based on the

i(E.t1.- imTln' ;t E., T,)Em, Mode! of the domain wall and inrerphase boundary motion.

w,.here T': is the amplitude of the mechanical stress. dc corn- A,:L:Lrding to this approach. the reorientation of the sponca-
portents aenot included in set (401. ft should be noted that ae-ous 'polarization of microscopic domains under applied
there is a pri ncipal difference between Eqs. (5) and (6) cor- ectr- ield contributes to thea di )el ectric. piezoelectric. and

resondn~ o te nnliearmodl nd q. 40)desribng lasicresponse of the media.---' This extrinsic concribu-
rsodn othe nonlinear model. First Eq. ( 40) describerlaions be ion to the, electromechanical properties was estimated to be
twetri comdlpex amplitudes while E.-s. (5) and (6) are related -,p til sinfcn fo otpeolcti eais:
to instant values. Second, in the nonlinear model, a signiti- daaFi.0) show that the ce-amics studied consist of a
cant increasie in the first harmonic of the electromechanical mixtur- of t etragonal and rhombohedral phases. 1800 polar-
response imiplies a corresponding significant increase in th~e izarion switching in both phases does not produce a change

amolnid ofhighr od hrmoncs see forexaple Eq in the three -dimensional strain. TChe angle characterizing the
(4)1 Ths i no a rueforthe ystretc mdel(40 i~ rhombohedral. cell is very close -to 90' in ?ZT ceramics at

which oniv drhsr harmonics are takcen into account since ex- MPB. thrfe71or09plaitonerentonn
oet-iments Show that higrher harmonics are not significant at thi phase also does not produce a significant change in the
alectrc rie'-s lower than the coercive one. sipace position of the domain. Thu~s. the above discussed do-

Before proce ,eding with the anaiysis of the physical rea- main processes can contribute main .ly to Ithe .dielectric re-
sons for :he observed hysteretic behavior of soft piezoelectric sponse in PZT. 90' polarization reorientation in the tetrago-
ceramics. Sev:eral important remarks ra-ga-rding limitations of nal state and the tetragonaLrhomnoohedral phase boundary
the davdicced hysteretic mode! should be made. The sue- motion c-an contribute sig-nificantly ,o both dielectric and pi-
~esiaed hysztretic model is of a static type. i.e.. it does niot ezoelectric responses since the poiarization change is accom-
take into azcount the freouency diSpersion of electrome- panied byv a significant ( up to several percent) change in the
chanical characteristics of the cera-_ics. Experimental data domain airnmensions alonq certain Zirections. This domain re-

i~is. i--ý. demonstrate that there! is a small frequency. ortentatcin also causes mechanic-, 4-tress in the media that
denendenct :n te measured electricali iisplacemenc D3 and fnai-l Y produces an apparent charip in the elastic properties.

"m ,ar ic-; -zrain Sl: the erequenz'; dispersion is also a 7:.-refore. according to the model; based on the polarization
urunc-on or -! eectric field. Excaritacatal data also show racm.-PcA tto.a nraei h Q n tetragonal!
rig=. i-i ha there are peculiarities in the behavior of mnrrMibonedral polarization reorientatcion should be respon-

e;* -i a at :,-% e-lectric fields that art not described by Eqs. s~tcie for an observed increase in i*,E,)- d~i(E,~). and
and - '-. Fnally, according to Ec. 137) the phase of the s':. E. %vith increasing electric :i~eid. Clearly. hysteretic be-

dielec:.--c -:trrirtivitv el,(E,1  aeoace eoa low elec- hav:;or of :he electromechanical cacatritc ialso a result

tro ields. 'hl orsodn xemental values 'Call or :.he -zciarization reorientation. V%-hen the electric field is
wvithin te rar.e-10_ -1.0*) s.ee :1. ). Thus. there are surt.-c~entiv high. 1800. 71-. and 9 oarztnswchn
die*-ec---cic lsSes havingy nonhysteretic origin that are not in- ornbaoiy becomes dominant. Terefo!ýre. DI( E) and SI(E).
cluded in me uggested hvsteretrc model. Neverrheles * . the uni:ke -or neids smaller than the zoerc-lve one (Fig. 18). be-
hysceretic mocdel describes the main :ecýulianriies of studied have in -a different maniner- li2. ý91. It is rather difficult to
aie .ncac aical properties of soft niezceiectric ceramics at eeloa corresoonding qualitative mathematical model

hih leticfildsince tt cShould take into account :epolarization reorienta-
C. Physical mcidels tion in numeous domains with corresponding complex mi-

cros copic boundary conditions. It _should be nioted that it is
LIn -his ;zec:ion. possible physical mechanisms of the ob- unclear from the model of the domain wall motion. why

Sen'.ed ::enavicr of soft piezoelectric .eramics under the elec- funccnons e.;z(E,,) and d.,,(E.,) unce-r zero bias behave in a
i-ic field wfill b-e analyzed. As is seen from Figs. 7-9 and the simuiar Manner as follows from the txoerimental data. In

corr-esponding hysteretic model rEas. 1361 and (38)1 there is zeneral. 90-- and tetragronallrhombohedrai polarization reori-
a strong =oretation between complex dielectric 4-(E)and enmtaron should not necessarily contribute equally to the
piezoe-ectric .- :E,) coefficients for all ceramics studied in cnange tn the dielectric and piezo .eieccric functions.
the eIec:ric acdof 0-1.4 kV/cm mins. The data of Fig. I I Soft piezoelectric PZT ceramics consist of numerous
demonstrate that frequency dependencies of znaEi)an rams with extremely complicated domain structure and pos-
di( E..) are ailso similar. As is seen .from a comparison of sesjs very high electromechanical coupling. Thus. the appli-
Figs. 7 and 'Q and Eqs. 136). (33). and (39). the field depen- cation of electric field to the ceramics can cause a change in
dence of the =. pitrude of s4,(E,,J) is more gradual than that the internal mechanical stress acting on a microdomain since

e;Pt E., and d-.,E.,). Comparison of D-.E). St(Ei. and this mijcrodomain and its surrounding matrix may have a
D', hystresis loops (Figs. 18 and [9) also shows that different: orientation of their polar axes This change in the

there is a linea: rezlation. without phase shift. between D., and mrechianicall itress. in turn, can affect: macroscopic electrome-
S, in :1-e electric field of I kV,'cm rms. In electric fields chanicalj characteristics of the ceramics. Thlerefore. a modIel
hiaher than thet zoercive one the correl!ation breaks up: the :an -,e suggested in which the obsenved changes in the elec-
elect.-cai _;isc!acz-.-ent D-, and strain 51 behave in a very zrornechanica"l properties o1' the ceýramic:s are attributed to the
di fferent manner:. Flu:. " 9) chare rn the Microscopic mTechanical ýtr.-Ns actinc .)n ic~rag_-



^$'to J. App). Phys.. Vat. 84.%e :o. I. September 1998 V. 0. Kugel and L. m-Cross

anal and rhombohedral microdormains because of the applied D~ E..,). as well as the irreve,-,rsible change in the remnant
elct- ýteld. The stress is a result of the interaction of a polarization under pulsed electric field. Several physical

MiC70,dOmain with surroundinz zrains and domains. Hyster- models for the observed behavior were anaJyzed. In one ap-
etic tehavior of the electromechanical characteristics is prob- proach. the explanation is based on the 900 ferroelectric do-
ably dauced by the hysteretic nanire of this interaction since main and tetragonallrhombone-dral phase boundary Motion.
mecahanical properties of the z-ufface of arains differ- t~romr In order to better explain the experimenta results. a new
chose or the microdomnains. Caiculations based on the ther- physical model was developed. According to the model. the
mody-namnic theory2.1 of the Ze-rroelec tric state of~ PZT ce- observed change in electromechanical properties under the
ra~rrics with composition on the- -orphotropic phase bound- elecrric field is caused by the field dependence of the me-

ax-.-~.hw ha coprssve ndtenil sres o te ode o chanical stress actiniz at inedomain boundaries. It is as-
10-:o, \[Pa can cause a corresponding change in electrome- sumned that this stress is caused by the electromechanical
crnancal properties of ceramics on the order of l0%-40%7. interaction of a microdomnain with surroundinz micro-
Th1is value of the mechanical itress as well as corresponding domains and grains. This surrounding media acts as a vis-
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A type of high strain piezoelectric ceramic actuator, namely. pseudoshear multilaver actuator. is
described. In this structure. a stack of prepoled rectangular piezoelectric transducer ceramic.sheets
are conductively bonded at alternate ends, while the bottom laver bonded on a fixed base. When
driven, alternate layers elongate or shrink in the same direction through converse piezoelectric
effect. which results in the actuator structure developing a strong shear motion about the face
perpendicular to the bonding direction. Experimental results indicate that more than 50 Ium
displacement can be achieved from the top laver for an actuator consisting of 18 layers with
dimensions of 25.57 mmX4.02 mmX0.51 mm ( 1 X w i r). By reducing ceramic sheet thickness and
using more layers, even large displacement can be obtained, and driving voltage can also be reduced
while keeping the same field level. Nonlinear piezoelectric response under high driving field further
enhances the displacement level. © 1998 American Instintue of Physics. [S0003-6951(98100418-5]

Piezoelectric actuators are usually classified into three fully electroded piezoelectric ceramic plates are bonded to-
categories: multilayer actuators. bimorph or unimorph bend- gether by a stiff conductive epoxy at alternate ends of the
ers. and flextensional composite actuators. Multilayer actua- plate structure as depicted in Fig. 1(a). The bottom layer is
tors. in which about 100 thin piezoelectric/electrostrictive ce- bonded on fixed base with one end. The gaps between the
ramic sheets are stacked together with internal electrodes nonbonded faces of the sheets are filled by thin plastic sheets
utilizing the longitudinal (d,-, mode. are characterized by or teflon coatings to stabilize the structure. All the ceramic
large generated force. high electromechanical coupling, high plates have the same normal poling direction and they are
resonant frequency, low driving voltage. and quick response. connected electrically in parallel through the conductive ep-
but small displacement level ( < 10 .ml. 1 On the other hand. oxv bond line with the wires contacting alternate pairs of
bimorph or unimorph actuators consist of two thin ceramic plates from each side. For PZTs;. the piezoelectric d-j coef-
sheets or one ceramic and one metal sheet bonded together ficient is negative. Tracing now the effect of a voltage ap-
with the poling and driving directions normal to the inter- plied between the two contact wires of sign shown in Fig.
face. When driving, the alternative extension and shrinkage l(bi. The bottom plate is subjected to a field against the
of ceramic sheets due to transverse lds1) mode result in a original poling direction. i.e.. a negative field thus. since d31
bending vibration. Bimorph and unimorph actuators can gen- is negative the resulting linear piezoelectric strain is
crate a large displacement level but low electromechanical (1)
coupling, low resonant frequency, and low driving force. = d31(-E 3 )=d31E.
Flextensional composite actuator. *moonie* .3 consists of a If L is the length dimension of ceramic stack. the elongation
piezoeiectric or electrostrictive ceramic disk and metal end or shrinkage of each layer is
caps which act as a mechanical transformer converting and
amplifying the lateral displacement of ceramic disk into axial d1 =d 3 IE3 L. (2)
motion. Medium displacement and force level can be ob-
tained in moonie actuators. Poling

Mos directionMost recently developed cantilever monomorph. prr ceramics
RAINBOW. and shear mode actuators4- 7 are basically modi- . Thin plastic sneet
fled unimorph actuators with advantage of simple monolithic C conductive epoxy

structure by which bonding problems usually observed in
bimorph-tvpe actuators can be avoided. However. large dis-
placement is achieved with sacrificing the generative force.
In this letter, we report a new type of pseudoshear mode plnpoling
actuator which makes use of a composite structure assembled direction
from thin sheet soft piezoelectric transducers (PZT) piezo-
electric ceramics, poled in the usual direction normal to the
major face of sheet and driven by electrodes upon the major . .
faces.

In pseudoshear multilaver actuator structure. N layer
(ib) (c)

"Electronic mail: qxk%4@psu.edu FIG. I. Schematic drating of pseudoshear actuatdr structure.
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FIG. I .1iezoelectric dnl coefficient as a function of bipolar ac electric field FIG. 3,. Displacement as a function of electric field for a prototype pseudos-for soft PZo" ceramics (Motorola 3203 fionD). hear actuator (N= 18. L = 25.57 mm. w = 4.02 mm, r = 0.51 mm).

Because ceramic plate are bonded at its right end. the left end since t4L, the stack can be designed to generate large shear
is free and then moves to the left by a distance d,. angles.

For the second plate in the stack, however, a positive From Eq. (6). we may introduce an effective shear coef-
field is applied along the poling direction. thus plate 2 ficient d15 by comparing with pure shear strain. x;= d 15E 3 ,
shrinks so that d31L

d,=J-d 3 E 3 L. 3 t+ts, (7)

Now -the right hand end of plate is free to move which which is a dimension-dependent coefficient.
will move a distance d, also to the left. thus its total dis- To examine the performance of a pseudoshear actuator.
placement. combining with plate 1. is d1 +d, to the left. an 18 layer stacked prototnpe actuator with dimensions of

Obviously, each layer is carried by its following layer 25.57 mmX4.02 mmx0.5l mm (1 X,vXt) of each layer is
thus the direction of elongation and shrinkage of each layer prepared using commercial Motorola soft PZT (3203HD) ce-
are the same. Therefore the displacement of the upper layer ramics. In the multilaver structure. all layers are aligned in
is cumulative from its lower layers. For a stack of N plates. the same poling direction. Silver epoxy (E-Solderý No. 3021
the ,otai displacement of its top layer. with respect to base. is Conductive Adhesives. IMI Insulation Materials. Inc.. New

Haven. CT) was used to bond the alternative ends of ceramic
sheets. Very fine copper wires were used to connect the elec-

at the free end. or trodes in such a way that each layer was connected electri-
cally in parallel. Thin plastic sheets of about 0.1 mm thick-d=d. -d2 ...... +d.\• =.N- l)d 31 E3L i5)
ness or silicon grease were used to fill the gaps between each

at bonded end. layer to stabilize the structure. A load of about 1 kg was
If the voltage is reversed to the stack as shown in Fig. applied on the top of multilayer structure when hardening the

Il(c. the actuator will now shear over upper surface moving silver epoxy.
to the right. Therefore under the ac field, this multilayer ac- To characterize the actuator performance, the displace,
tuator vibrates similar to pure shear vibration can thus be ment of the top layer of pseudoshear actuator was measured
called pseudoshear multilayer actuator. as a function of driving electric field. The measurement setup

From Eqs. (4) and (5). it can be found that the total and procedure were described in a previous letter.7 To check
displacement of the top layer depends on the number of ce- the various vibration modes. impedance spectrum of actuator
ramic laver N, the value of d31 . the magnitude of electric was measured by using an impedance/gain-phase analyzer
field E3 . and also the length of actuator L. It is interested to (HP4194A, Hewlett Packard Co.).
note that. due to E3 = VIt. where V is the applied voltage and It should be noted that for nonlinear piezoelectric mate-
t is thickness of ceramic layer. the driving voltage can be rials such as PZTs, piezoelectric coefficient is electric field
reduced by reducing the thickness of ceramic layer while dependent. The data provided by material manufacturers are
keeping the same fie-ld strength, usually measured under weak field by resonance-

Assuming the space between each layers in the actuator antiresonance method, and thus are not applicable for the
stack is r;. the total stack thickness will be (t+t,)N and the actuator performance evaluation because strong electric
shear angle or shear strain j will be fields are usually applied to drive the actuators. Therefore.

.VdIEL d EL the piezoelectric d 31 coefficient of of Motorala PZT 32031-1D1d= " " = : L i6) ceramics was measured as a function of electric field. A rect-
,;-t,N tIV t,) an'duiar sample with dimensions of 38.0 mm ,12.5 mm
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XO.5 mm was used for this measurement. A sinusoidal driv- I " " 7 1 F
ing field with frequency of 50 Hz is used to excite the 10,
sample. The effective d', coefficient was obtained by d'1  ___ 

4 .--_ 
4 F

=.: /EI . here .vI is transverse strain under electric field E3 .-L O4 I
The effective piezoelectric d', coefficient as a function of '
electric hield E- is depicted in Fig. 2. It can be seen that due , ,.
to its nonlinear ferroelectric nature. d3 l is no longer a con- .
stant over the used electric field range for soft PZT ceramics. A
As the maznitude of applied electric field increases. d 31 co- .6.lk "....,
efficient increases. The insert in Fig. 2 shows the transverse , 53.0kazstrain under weak electric field. It is clear that linear piezo- 7

electric relation between strain and electric field, x I= d31E3 - .
is obeyed onlv at a rather low field level. The measured low 10'

field level d-I coefficient is -318X 10'2 m/V, which is in lUr 10' i0s

good agreement with the data provided by the manufactur- Frequency (Hz)
er's data sheet. - 320X 1012 r/V. measured by resonance- FIG. 4. Impedance and phase spectra for pseudoshear actuator in the fre-

antiresonance method. quency range of I to 100 kHz.
It has been shown8.9 that the nonlinear piezoelectric re-

sponse in ferroelectric PZT ceramics under high driving field
originates mainly from the motion of non-180' domain figuration will now represent the first effective shear mode.

walls. Experimental results also showed that dielectric losses A second strong mode at 26.8 kHz is probably a shifted third

drastically increase with the amplitude of driving field. since harmonic. Weaker higher order modes are evident at 53 and

the non-180- domain wall motion is inherently a lossy pro- 90.6 kHz.

cess. But no significant temperature increase was observed In summary, a new type of piezoelectric actuator,

when frequency is far off the resonant frequency of the ce- namely. pseudoshear actuator is developed. Large displace-

ramic sampie. So for off-resonant frequency driving, soft ment was obtained through this multilayer configuration. A

PZT can be driven under quite a high electric field level, nonlinear piezoelectric response further enhances the vibra-

However. the nonlinear piezoelectric response of PZT ce- tional level of actuator. The frequency characteristics are

ran --s has to be considered in the actuator design. also studied which indicated the resonant frequency of effec-
Sigure 3 shows the displacement as a function of electric tive shear mode is much higher than that of the bending

fieid for the prototype pseudoshear actuator composed of 18 vibration mode of bimorph-tyde actuators. The pseudoshear

layer PZT ceramic sheets. More than 50 um shear displace- actuator has the following advantages: (I) The actuator is

ment was obtained under a driving field of 270 V/mm. A assembled from thin sheet PZT already electroded and pre-

nonlinear piezoelectric response under high electric field poled: ,2) shear vibration is realized through d3i mode by

contributes significantly to the shear displacement. Consider- applying ac .oitage through the thickness direction so that

ing the thickness of ceramic sheet and the space between high fieids may be realized at low driving voltage: (3) the

layers (r--r,=0.6l aim), we can calculate the effective pi- generative force is controlled by stiffness Cq which is larger

ezoelectric d'; coefficient by using Eq. (7). Under weak than the shear stiffness c.4; (4) the magnitude of shear can

field, since d?,= -318X 10-'2 in-/V. we have d'5= 13 380 be controlled by the ratio of Li(rt-r,) and can be very large

X 10- 1: nvV which is about 13 times higher than the shear for thin sheets.
mode piezoelectric coefficient d5 (=1045× 10- rn/V for The pseudoshear mode actuator may have a very wide
soft PZT 3203HD) of the ceramic material. It is interesting to range of applications. The systems where it could replace

note that d'4 is a dimension-dependent parameter. By using conventional actuators would be linear and rotary motors.

an even thinner ceramic sheet. d', coefficient can be further step and repeat (inchworm) type actuators, flow sensing and

increased. Since d3, increases with a driving field due to flow control, valving and pumping system. and many others.

nonlinear piezoelectric response. d•5 coefficient will also in-
crease as the amplitude of applied ac field increases.

Frequency characteristics of pseudoshear actuator may
be adduced from the impedance spectrum shown in Fig. 4.
There is not any resonance observed below I kHz. indicating 'K. Uchino. Bull. Am. Ceram. Soc. 65. 647 (1986).

- Y. Sugawara. K. Onitsuka. S. Yoshikawa. Q. C. Xu, R. E. Newhnam. and
the displacement of pseudoshear actuator may have flat fre- K. Uchino. J. Am. Ceram. Soc. 75. 96 1992).

quency responses in the low frequency range. Two weak 3Q. C. Xu. A. Dogan. J. Tressler. S. Yoshikawa. and R. E. Newhnam.

resonances are evident near 1.33 and 3.0 kHz which are Ferroelectrics 160. 337 (1994).
probably due to spurious bendin, modes. It was found that if K. Uchino. %I. Yoshizaki. and A. Nacao. Ferroclectrics 95. 161 (1994)."pr y de to sGene H. Haertling. Am. Ceram. Soc. Bull. 73. 93 (1994).
a load was placed on the top of actuator, these two resonant SGene H. Haenling. Ferroelectrics 154. 101 (1994).

modes were greatly reduced or even disappeared. By making - 'Q-Nl. 'a.n,. B. Xu. V. D. Kugel. .and L. E. Cross. Ptroceedings of the

more compact structure through better <election of the poly- Tenth IEEE International Symposium on Applications of Ferroelectrics
mer filler material and better bondin processing. the two ,unpuhlihed). Vol. 11. pp. 767-770.

e f mS. Li. I'V Cao. R. E. Newnham. and L. E. Cross. Ferroelectrics 139. 25

peaks could be eliminated. The resonance at 10 kHz is the ,I'>,:'.
tirst extendcd ioncitudinal mode which in pseudoshear con- 'S L:. '.v C..o. ind L. E. Cros,. J. -\rpt. Ph%,. 69. "210 W1(11).
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Pseudo-shear universal actuator driving flextensional
panel diaphragm low frequency acoustic source

Ruibin Liu. Qingming Wang. Qiming Zhang, Valery D. Kugel, L.E. Cross

Materials Research Laboratory
The Pennsylvania State University, University Park. PA 16802

ABSTRACT

Acoustic source used for Active Noise Control (ANC) at low frequency (80-250 Hz) is designed and developed by using a
piezoelectric ceramic actuator and a flextensional panel diaphragm. In order to reach the vibration magnitude and radiation
area needed for high and flat sound pressure level in the low frequency range. Pseudo-Shear Universal (PSU) actuator has
been used as the driving part which is a new type of multilayer piezoelectric actuator originated from MRL offering the
advantages of large displacement and high blocking force; on the other hand , Carbon Fiber Reinforced Composite has been
used as the diaphragm material which provides a more rigid structure than conventional loudspeaker paper. A prototype
device was fabricated which has the following characterizations: 40 layers PSU actuator with a compact dimension: 38 mm x
50 mm x 23.6 mm. Two of them are needed for a device. Diaphragm area is 126mm x 152 mm. At quasistatic condition (5
Hz) and at the 0.84 kV/cm electric field, 344 ýLrm displacement could be achieved at the apex of the diaphragm resulted from
the flextensional amplifying mechanism with an amplification factor more than 11. The sound pressure level in the frequency
range 100-250 Hz shows better flat behaviour than the acoustic sources studied earlier such as Double Amplifier and PANEL
air transducers which exhibit a significant reduction of sound pressure level in the low frequency range. By a slight
modification. it is likely to make this device in a total thickness of 10 -15 mm range. High and stable sound pressure level as
well as thin flat structure make it -much more competitive in the whole area of applications for low frequency active noise
control.

Keywords: piezoelectric actuator, pseudo-shear universal actuator, air acoustic transducer, active noise control.

1. LNTRODUCTION

Recently, piezoelectric integrated composite structure has been developed as the air transducer for the purpose of Active
Noise Control in the frequency below 1 kHz. Those transducers consist of two amplifying mechanisms to achieve high
vibration magnitude. One amplifying mechanism is to make use of the piezoelectric bending actuator. Another amplifying
mechanism is utilization of the flextensional amplifying mechanism in the triangle shape diaphragm. Fig. 1 gives a schematic
configuration for this type of piezoelectric integrated composite structure used for an air transducer.

Flextensional Diaphragm in Triangle Shape.

Vibration Direction T 'Amplifying Factor=L/2h

F 1 r i 
v h

S-----Piezoelectric Bending Actuator,
Amplifing factor is proportional to 1/t T
Vibration Direction

+,Substrate

Fig. I Principle configuration for the piezoelectirc integrated composite structure



There are many bending piezoelectric actuators: such as bimorph, unimorph. RAINBOW, CRESCENT etc.. All those
bending actuator can in principle be used as the first amplifying driving part. For the diaphragm, low density and high
stiffness material is desired. The loudspeaker paper is the most popular diaphragm material. This kind of composite structure
composed of those parts possesses the advantages of light weight and panel structure.

Two generations of air transducer prototype devices have been developed since 1994. The first generation was Double
Amplifier air transducer.' Piezoelectric bimorph was used as driving part and loudspeaker paper was used as diaphragm.
Multilayer bimorph was also used to replace the traditional two layers bimorph in this structure to decrease the driving
voltage.- The displacement of the diaphragm apex can easily reach the millimeter scale. A far field (1m) sound pressure level
can be more than 80 dB in the frequency range 300-1000 Hz at a driving electric field 0.7 kV/cm.

The second generation air transducer called PANEL ( Piezoelectric Acoustic Noise ELiminator) used the unimorph as the
leg part. Between the two legs, a bimorph was bonded to serve as both the driving and the substrate functions. 3 In this second
generation , instead of loudspeaker paper, Carbon Fiber Reinforced Composite was used as the diaphragm material. The
second generation prototype device is much more rigid than the first generation. PANEL can also produce more than 80 dB
sound pressure level in the 300-1000 Hz frequency range. This type of device has been already used for Active Noise Control
experiments. An average 10 dB sound pressure level reduction could be achieved.4

However, both generation devices have a common drawback: there is a sigficiantly sound pressure level reduction from 250
Hz to 100 Hz. For Double Amplifier air transducer, the falling off in magnitude is 18 dB (driven by a 0.7 kV/cm electric
field). For PANEL, the difference is 22 dB (calculated sound presure level, driven by a I kV/cm electric field). This
inadequacy will restrict the application of these acoustic sources. In daily life and industry area, there are a lot of low
frequency noise sources. such as car engine noise (120 Hz), transformer noise (120 Hz and 240 Hz), turbo prop (70-100 Hz)
and MD8O/DC-9 (100 Hz). Usually the lower frequency, the more difficult to cancel the noise by conventional methods like
absorption and barrier treatments.5 Thus applying Active Noise Control technology to those low frequency noise sources
needs a specific acoustic source which can provide high and stable sound pressure level in the 100-250 Hz frequency range.
Theoretically speaking. There are two reasons for the reduction of sound pressure level in low frequency: 1. diaphragm
vibration magnitude is not high enough to maintain the sound presure level; 2. vibrating area is not big enough to achieve the
better matching with the air medium.

In this paper, we present a new acoustic source particularly designed for the low frequency ( 80-300 Hz) application.
Piezoelectric PSU actuator is used to replace the piezoelectric bending actuator. Thus big blocking force and large
displacement from PSU actuator make it possible to reach higher vibration magnitude and larger area diaphragm operation.
Prototype device with a diaphragm area 126mm x 152 mm exhibits a very flat and high sound pressure level in the 100-250
Hz frequency. The mass production of multilayer PSU actuator could be eaiser and less cost than other multilayer
piezoelectric actuator. A small modification will make this device with very thin total thickness, which makes it very
promnissing to be the desired acoustic source for the active noise control in ultra low frequency.

2. PSU ACTUATOR, AIR TRANSDUCER AND EXPERIMENTAL PROCEDURE

2.1 PSU multilayer actuator and air transducer

Conventional multilayer actuator uses a compact volume to realize a large displacement . The principle for its operation is to
enable high electric field established through moderate applied voltage by inserting thin layers into the stack.

PSU multilayer actuator uses a compact volume to achieve a high displacement. The mechanism for its operation is to
utilize specific design to get large displacement from an expanded total length. This device was originated from the MRL.6

The design idea and operation principle are demonstrated in Fig. 2.

PSU actuator is made by stacking the rectangular ceramic pieces with the electrode in the surface perpendicular to the
thickness. The ceramic pieces are poled along the thickness direction, then bond the neibouring piece at the side edge in an
alternative opposite cyclic manner. The ceramic pieces are connected electrically parallel but for the neighbouring pieces the
electric polarity is opposite.
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Fig. 2 Structure and operation principle of PSU actuator

When voltage applied to the ceramic plate, a transverse strain will happen through the d3 l piezoelectric effect to every piece
of ceramic. If the bottom piece expands , the second piece to the bottom will contract. The displacement of the second layer
free end will be the sum of secondary layer volume strain plus the first piece volume strain. The shear dispalcement will
direct to the right. The rest layers behaviour will be deduced by analogy. The displacement of top layer will be the
cumulation of all layers. When the voltage polarity changed, top layer displacement will direct to left. The free end
displacement of top layer will be determined by the equation:

5-N Xd.,1XE X1

Where 5 is the top layer displacement, N is the number of layers, d3l is the piezoelectric coefficient , E is applied electric
field, I is length of ceramic plate.

When the AC voltage is applied to the device, left and right horizontal vibration will happen, which can be used as the
driving element to drive the flextensional diaphragm. Because the displacement is resulted from volume deformation effect,
the blocking force of PSU actuator should be bigger than that of bending actuator. In order ro make the diaphragm more rigid
and improve the frequency behaviour, Carbon Fiber Reinforced Composite was chosen as the diaphragm material. The
Carbon Fiber Reinforced Composite has a Young's modulus 190 GPa and the loudspeaker paper only has a Young's modulus
0.55 GPa.

2.2 Experimental procedure

Piezoelectric ceramics used in this device were provided by Material System Inc., which is PZT-5H composition. Ceramic
plate with a dimension 38 mm x 50 mm x 0.5 mm was silver electroded on the 38 mm x 50 mm surface. There is a 3.8 mm
width margin on the right side of upper surface and same width margin on the left side of the bottom surface. The samples
were poled before shippment. Measured d 33 for the 10 mm x 10 mm small cut piece is around 600 x 10 -12 C/N. In order to
avoid the depolarization, all the curing processing procedures were carried out at the room temperature. J-B weld epoxy (JB
WELD CO.) was used for the side edge bonding among ceramics and diaphragm hinges as well as mechanical connecting
bonding between diaphragm and actuator. Silver epoxy (E-solder No 3021 conductive adhesives, IMI Insulation Materials



Incorpoated, New Haven. CT) was used for electric connecting among the ceramic pieces. Fabrication procedure is shown in
Fig. 3.

-38• m40 Layers
Electrode 23. mm

50 mmm
0.5 mm 

M_ MP .

Ceramic Plate Pseudo-Shear Actuator

4- 126 mm

Carbon Fiber Reinforced
Composite Diaphragm

152 mm

S6m Low Frequency Acoustic Source

Fig. 3 Fabrication procedure for air transducer

To characterize the device properties, the displacements of diaphragm apex and of the top layer of actuator were measured
by MTI 2000 Fotonic Sensor System ( MTI Instrument, Inc.). MTI -2000 Fotonic sensor can perform the displacement and
vibration measurement with the advantages of no contact to the target, high accuracy, wide frequency range and insensitive to
the electric and magnetic fields by using the fiber-optic technology . A high reflectivity mirror is needed to stick to target
with the face perpendicular to the optical probe. The sensor probe was placed at a three dimensional movable micropositioner
(Ealing Electro-optic, Inc.). Function gererator is DS-345 (Stanford Research System. Inc.), which generates the required
signal shape and basic magnitude. Then a power amplifier (790 Series, PCB piezotronics) was used to amplify the driving

sce t f R Stem I

Sensr. Te r fer nc reunc issnholzdtotefntoGenerator. on rsuelvlwsmaue na

I* o to O erobe 2I
I ... .. Fotonic Sensor I

Power- =4- 1 ...
Amplifier Probe I

Fig. 4 Schematic diagram for displacement measurement

signal. A lock-in amplifier SR-830 DSP (Standford Research System Inc.) was used to measure signal output from Fotonic
Sensor. The reference frequency is synchronlized to the function generator. Sound pressure level was measured in an



anechoic room at far field (I m) by a ND 21 Sound Level Meter(Rion Company. Japan). Fig. 4. shows the schematic
diagram for displacement measurement. Fig. 5 shows the schematic view for the sound pressure level measurment.

SSound Level Meter

inf

Anechoic1
Room

Fig. 5 Schematic view for the sound pressure level measurement

3. EXPERIMENTAL RESULTS OF PROTOTYPE DEVICE

3.1 Proprties of unloaded PSU actuator

Each PSU actuator consists of 40 piezoelectric ceramic plates with a dimension as 38 mm x 50 mm x 23.6 mm. Two
actuators have a total capacitance of 4.59 pP. Dielectric loss is 3.8 % (measured at 1000 Hz). Displacements of top layer at
quasistatic and dynamic conditions are given in Fig. 6.

3.2 Quasistatic and dynamic properties of diaphragm loaded device

Carbon Fiber Reinforced Composite diaphragm with a dimension: width: 126 mm, length:152 mm, height: 6 mm is for the
finished device. Vibration behaviours of diaphragm at quasistatic and as a function of frequency were obtained and shown in
Fig. 7.
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Fig. 6 Quasistatic (a) and dynamic (b) properties of unloaded 40 layers PSU actuator
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Fig. 7 Quasistatic (a) and dynamic (b) properties of diaphragm loaded device

In order to investigate the relatonship between the diaphragm height, different diaphragm material and the resonant
behaviour of the device. We measured the dynamic properties of the device with the diaphragm height 6 mm 10mm. We also
measured the the dynamic properties 6f loudspeaker paper diaphragm with a height 8 mm. The results are given in Fig.8
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Fig. 8 Comparison of dynamic behaviour for different diaphragm height and different diaphragm material

3.3 Sound pressure level- at low frequency range



Sound pressure level were measured at the driving electric field 0.24 kV/cm ( 12 V voltage) on the final product ( height 6
mm, carbon fiber reinforced composite). Fig. 9 gives the measured result and calculated sound pressure level at the lkV/cm
driving electric field.
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Fig. 9 Sound pressure level for 6 rmn height carbon fiber diaphragm device

4. DISCUSSIONS AND SUMMARY

4.1 Comparison of PSU actuator with other types of actuator

In bimorph and unimorph driving air transducer, the actuator wall has the same length with the diaphragm. even though the
width of the diaphragm for a cell is only 50 mm, the amplificaton factor is about 7. In PSU actuator driving air transducer, the
length of driving wall is only one third of the diaphragm length. The width of the diaphragm can be 126 mm and
amplification factor can be more than 11. This fact demonstrates the PSU actuator has bigger generative force than the
bimorph and unimorph. The value of blocking force for the PSU actuator was investigated and will be reported in another
paper. We can still increase the blocking force by modifying PSU actuator structure. It is possible to design the monolithic
structure PSU actuator whose blocking force would be much big than the current one. There are several ways to increase the
displacement of PSU actuator: increasing the layers, decreasing the layer thickness in a limited volume. increasing the
driving voltage. We can tailor it in a easy way according to different requirement.

Bending actuator such as bimorph and unimorph can reach big displacement, but the blocking force is small. response is
slow and the durability is poor because of delamination. In contrast to the bending actuator, the multilayer actuator possesses
the advantages of low driving voltage (100 V), quick response (10 m sec), high generative force (100 kgf) and high
electromechanical coupling, but the displacement is only in the range of 10 g±m. 7 For a long time, scientists were searching
for a new type actuator with the properties located in intermediate range between bending and multilayer actuator. A lot of
efforts have been done to improve the properties of the piezoelectric bending actuator. Several novel bending actuator. like
RAINBOW, CERAMBOW, CRESCENT, d33 bimorph and THUNDER came out. Kugel has defined the figure of merit for
bending actuator, which is equal to the displacement times the blocking force and divided by the admittance. From his



comparative analysis, there are some improvement in properties through these effort. but no break through happened. The
gap between the the multilaver actuator and the bending actuautor is still existing. 8.9

The appearance of "Moonie' and "Cymbal" were a great progress of the effort, intermediate properties can be provided by
such metal and ceramic composite structure. 10.11 The invention of PSU actuator provides another kind of actuator offering the
versatile intermediate properties. the displacement of which can reach to 100 g.im very easily and The blocking force of the
pseudo-shear structure is at least several times than that of bending actuator. Another advantage for PSU actuator is without
the bonding problem between metal and ceramic. The different thermal expansion coefficient between the metal and ceramic
in bonding will give rise to very large internal stress , even close the fracture strength of the ceramic. In PSU actuator, we can
even design monolithic structure to eliminate the bonding part.

4.2. Sound pressure level in low frequency

According to the theory of acoustics, For the direct-radiator diaphragm at the low frequency (low frequencies is when
ka<i.0, where k=ca/c is the wave number, a is the diaphragm dimension), a piston whose diameter is less than one-third
wavelength (ka<l.0) is essential nondirectional at low frequency. Hence, we can approximate it by a hemisphere whose rms
volume velocity equals U,=SDu,, where SD is the projected area of the loudspeaker cone, u, is the diaphragm surface velocity.
The sound pressure level Pr in free space with a distance r from either side of loudspeaker diaphragm can be expressed in the
following equation:'

P r fclp°0
P fPCr

Where p0 is the average density of the medium, f is the frequency.

From the equation, We can see the sound pressure level is proportional to the vibration displacement, to the projected area
and to the square of frequency. So if we want to keep the sound pressure level as the same magnitude when the frequency
decreases from 200 Hz to 100 Hz, we need four times displacement magnitude or we have to increase the projected area 4
times. So it is important to have large displacement and large vibration area to keep high sound pressure in of low frequency.

Sound is produced by vibrating surface such as the diaphragm. In addition to the energy required to move the vibrating
surface itself, energy is radiated into the air by the diaphragm. Part of this radiated energy is useful and represents the power
output of the acoustic source. The remainder is stored (reactive) energy that is returned to the generator. Consequently, the
acoustic impedance has a real part, Accounting for the radiated. power, and an imaginary part, accounting for the reactive
power. We need the ka larger than some value for example, 0.5, the real part of the impedance can have enough value to
radiate the sound power.13 So increasing the radiation area is very important for increasing the volume velocity and
improving the impedance matching.

-The resonant frequency of 6 mm height diaphragm is 55 Hz for first mode and the 140 Hz for second mode. Those two
resonant peaks provide high displacement in the operating frequency range (Fig. 8).

So we can conclude that three factors are mainly attributed to the high and stable sound pressure level in low frequency for
the current device: the first is the large displacement, the second is the large vibration area and the third is the resonant
behaviour during this frequency range.

Further experiment will be emphasized on the following respects:

Understanding the resonant behaviour is very important for the device design. The resonant frequency decrease with the
decreasing of diaphragm height for the same diaphragm materials. Although the material properties are very different
between the Carbon Fiber Reinforced Composite and loudspeaker paper, the resonant behaviours are almost similar in our
investigation (Fig.8). There is further work under way to get more understanding of the resonant mechanism.



In the prototype device, the polarization direction of the ceramic plate is vertical to the diaphragm face. which limits the
way of increasing the displacement by adding layer number since we do not want the device being too thick. With a small
modification, we can make the polarization of the ceramic piece parallel to the diaphragm face. it will dramatically reduce the
total thickness of the device and more room can be used to increase the displacement by increasing the layer number. It is
highly possible to reduce the total thickness of the device to the thickness 10-15 mm. which is much useful for application
where only a limited space of locating secondary acoustic source is available..

In summary The acoustic source presented in this paper can produce high and stable sound pressure level in the frequency
range 100-250 Hz. The integrated composite of PSU actuator and flextensional diaphragm is a useful way to get high and
stable sound pressure level in low frequency because large displacement and large radiation area can be obtained by PSU
actuator driving. This kind of acoustic souce also offers the advantages of panel structure and thin dimension which make it
very attractive in the application of ultra low frequency Active Noise Control.
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Abstract

A numerical study comparing the use of two structural sensing approaches for

sound radiation control is performed on a baffled rectangular plate. The first

sensing approach implements an array of accelerometers whose outputs are filtered

to construct an estimate of the sound pressure radiated at given angles in the far

field. The second method uses the same array of point sensors to estimate the net

volume acceleration of the plate. Results show the improved performances of the

sensor observing far-field sound radiation over a volume acceleration based sensor.

PACS Numbers: 43.40.At, 43.40.Rj, 43.60.Gk
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Introduction

An important issue in the active control of structurally radiated noise remains

the design and implementation of error sensors. The early works on Active Struc-

tural Acoustic Control (ASAC) [1] were concentrated on the design of structural

actuators [2] while the error signals to minimize were provided by microphones

located in the far field. For the last couple of years, the research in ASAC has

made some progress in replacing error microphones by error sensors integrated

in the structure [3]. Unlike microphones which directly measure the quantity to

be minimized, i.e., acoustic pressure, structural sensors only measure information

related to the structural vibrations. The goal is then to design a structural sensor

whose output is strongly related to radiated sound pressure so that minimizing

the magnitude of the sensor output signal will also minimize the total radiated

sound power. In other words, an efficient structural sensing technique should take

into consideration the structure-fluid interaction such that only the radiating part

of the structural vibrations is observed by the sensor. Indeed, minimizing both

radiating and non-radiating components of the vibrations typically requires more

control effort.

Spatially distributed structural sensors such as polyvinylidene fluoride (PVDF)

materials have shown potential for observing the radiating part of the structural

vibrations. In modal sensing, the PVDF film is designed to observe the dominant

radiating modes among those found in the structural response [4-6]. The concept

of "radiation modes" has also been used in designing error sensors [7,8]. In par-

ticular, several authors have demonstrated the use of PVDF sensors designed to

observe the first and dominant radiating of the radiation modes of a rectangular

plate, i.e., the piston mode [8-11]. This mode can be detected by measuring the

net volume displacement over the surface of the structure and specially designed
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PVDF sensors have been constructed for this task [8-11].

Recently, a sensing technique referred to as Discrete Structural Acoustic Sens-

ing (DSAS) was demonstrated both analytically and experimentally on baffled

planar radiators [12-14]. The technique implements an array of structural point

sensors (usually accelerometers) whose outputs are passed through digital filters

to estimate in real time the far-field radiated pressure in a given direction, or

equivalently, a given wave-number component, over a broad frequency range. The

digital filters are usually Finite Impulse Response (FIR) filters designed to model

the appropriate Green's function associated with each point sensor and far-field

locations. It was shown that only a low number of point sensors is needed to pro-

vide accurate sound radiation estimates over a bandwidth encompassing the first

few modes of a rectangular plate. Moreover, the sensor's output can be shifted in

time such that the acoustic path delay present in the Green's functions is removed.

This allows the use of only a few coefficients in the sensor FIR filter array and

makes its implementation on a Digital Signal Processor (DSP) very efficient in

terms of computational load.

A simplified version of the above approach that has been suggested consists in

replacing the radiation Green's functions by a unity transfer function. The sensor

output then simply becomes the sum of the acceleration signals. The resulting

error information thus represents an estimate of the net volume acceleration of

the structure. It is therefore somewhat equivalent to the PVDF volume velocity

sensor referred above except it is implemented in discrete form. This alternative

sensing approach will be referred to as Discrete Structural Volume Acceleration

Sensing (DSVAS). For planar radiators, this error information is also equivalent

to measuring the far-field pressure in the direction normal to the plane of the

radiator [15].

This letter presents a short numerical study comparing the performance of
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the two sensing approaches introduced above, i.e., DSAS and DSVAS methods, in

Active Structural Acoustic Control (ASAC) applied to a rectangular baffled plate.

The plate is excited by a normal point force over a bandwidth encompassing its

first 9 flexural modes. The control is achieved through two single-sided piezo-

electric patches. The system modeling is briefly described in the first two sections

along with its physical characteristics. The third section then presents the control

performance in terms of mean-square velocity and radiated power attenuation

obtained for various sensing configurations.

I. System modeling

The numerical model describing the structural response of the plate excited by

point forces and piezo-electric patches is briefly presented. In this model, the me-

chanical displacements and electrical fields generated in the piezo-electric inclu-

sions are fully coupled. In order to solve for the dynamics of this coupled electro-

mechanical system, a Rayleigh-Ritz formulation is derived based on the general-

ized form of Hamilton's principle for coupled electro-mechanical systems [16]. This

energy-based method also allows to easily model arbitrary boundary conditions

applied along the edges of the plate. The plate mid-plane displacements along

the two longitudinal and transverse directions axe approximated by polynomial

series where the unknown polynomial amplitudes are solution of a linear system.

After solving this system at each frequency of interest, various structural quanti-

ties, such as mean-square velocity, or point acceleration, can be computed. For a

complete derivation of this approach applied to rectangular plates, the reader is

referred to the work of Berry [17].

The far-field sound pressure radiated from the plate is obtained from the dis-
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placement amplitudes by computing the continuous wave-number transform of

the acceleration distribution over the frequency bandwidth. The radiated power

is estimated from the radiation impedance matrix associated with the polynomial

basis used to approximate the structural response. This approach is more efficient

than simply integrating the far-field pressure over the hemisphere surrounding the

plate. More details can be found in [18].

The output from the discrete structural acoustic sensor is computed from the

structural acceleration evaluated at nine point sensor locations on the plate and

multiplied by the appropriate sensor transfer functions as described in [14]. Note

that the sensor transfer functions used in this numerical study correspond to the

ideal case of perfect filter modeling. It was shown in previous work however that

these transfer functions are easily modeled to a high level of accuracy with only a

few coefficients per FIR filter [121.

The controlled structural response is obtained by adding to the uncontrolled

response due to the point force excitation, the control field response due to the

two one-sided piezo-electric patches. The optimal control voltage to each PZT

is computed using standard Linear Quadratic Optimal Control theory (see for

example [19]), where the cost function to be minimized is a quadratic function

of the control voltage amplitudes. It should be noted that this frequency domain

optimal controller does not take into account the causality constraint inherent

to a real time implementation on a DSP. In other words, the optimal controller

transfer functions in the frequency domain might be acausal and therefore cannot

be accurately reproduced by a digital filter. This results in overestimating the

attenuation achieved by the controller however it does represent the maximum

achievable attenuation if the system is causal. Also, the limitation due to the

finite dynamic range of the analog to digital converters is not included in this

model.
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As mentioned above, the plate is excited by a point force while two PZT

patches are implemented to achieve control. Preliminary tests showed that a

single piezo-electric actuator was not sufficient to achieve global sound radiation

attenuation over the entire frequency bandwidth. The sensor based on unit trans-

fer functions, i.e., estimating the structural net volume acceleration, provides one

single error signal. To facilitate the comparison with the sensor based on far-field

pressure estimates, only one far-field direction is considered. This control layout,

i.e., two control outputs and one error input, results in an under-determined sys-

tem which is solved by including in the cost function the weighted control effort

(sum of the square modulus of each control voltage) as an additional quantity

to minimize, effectively constraining the solution. This second variable is scaled

down (by varying its weighting) so that the main forces of the control are directing

towards minimizing the error information rather than the control voltages.

II. System characteristics

The system studied here is a model based on the plate tested experimentally in

a previous paper [14]. The translation and rotation stiffness factors along each

side of the plate were numerically adjusted in an effort to match the experimental

natural frequencies. The resulting modeled boundary conditions were close to the

simply-supported case. The plate geometry is shown in Figure 1 along with the

location of the normal point force disturbance, the two PZT control inputs, and

the nine accelerometers implemented in the discrete structural acoustic sensor.

The physical parameters and dimensions for the plate and piezo-electric patches

are shown in Table 1. The point force and PZT center locations are presented

in Table 2. The control actuator locations in Table 2 were optimally chosen for
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minimizing the (3,1) and (1,3) flexural modes, while the disturbance force location

ensures all nine modes present in the bandwidth of interest are excited. Finally,

the model's natural frequencies are shown in Table 3.

The structure's response is computed over the frequency bandwidth, 50 to

650 Hz, with a one Hertz increment. Note that due to the small level of damping

included in the system (see Table 1), the peak levels of the response at those

frequencies is likely to be significantly below the actual resonance level reached at

the resonance frequency.

Ill. Control performances

Figure 2 shows the sound radiated power plotted versus frequency for the uncon-

trolled plate (solid line) and the controlled plate using the two sensing approaches

described earlier. The dashed line corresponds to the DSAS approach (pressure

estimate based sensor) and the dotted line to the DSVAS approach (net volume

acceleration based sensor). The direction of minimization for the DSAS approach

was set to (0 = 36', € = 30'). This direction was chosen so that it does not coin-

cide with any of the nodal lines of the radiation directivity of the modes present

in the bandwidth. In other words, the sensor based on far-field pressure estimate

-observes the radiation of all the flexural modes of the plate.

The first sensing approach of DSAS achieved good control over the entire

bandwidth with very small amount of spillover. The largest level of attenuation

is obtained for mode (1,1) around 86 Hz. Very good attenuation is also seen for

the other modes present in the frequency bandwidth except for the resonance at

333 Hz corresponding to the (2,2) mode of the 'plate. Around this frequency,

the control system only reduces the radiated power level by about 10 dB. Look-
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ing at the pressure spatial directivity of the uncontrolled and controlled plate at

this frequency reveals that the pressure distribution is slightly shifted along the

€ direction so that the (2,2) 'mode radiation nodal lines go through the direc-

tion of minimization (9 = 360, q = 30'). In other words, the amplitude of this

mode is not reduced. Indeed, the structural velocity distribution at this frequency

shows hardly any changes between the uncontrolled and controlled responses. This

phenomenon is commonly referred to as modal restructuring. This is a direct con-

sequence of minimizing the sound pressure field in a single direction. To obtain a

larger level of sound power reduction, additional far-field pressure error estimates

in other directions could be included in the control system. Or alternatively, a

single error signal directly related to the radiated power would also provide better

overall sound attenuation.

This second solution motivates the use of a sensor based on net structural

volume acceleration. The resulting error information directly relates to the volu-

metric modes of the radiators, i.e., the odd-odd modes for a plate. These modes

are the most efficient radiators, and the sensor output is therefore directly related

to sound radiated power. This approach corresponds to the dotted line where the

sensor output is the sum of the nine acceleration signals (unit transfer function).

As seen in Figure 2, this second sensing approach performs well near the resonance

frequencies of the odd-odd modes of the plate. On the other hand, the radiated

power around the resonances of odd-even or even-even modes is not significantly

reduced. The global radiation level of the (2,1) mode, for example, even increases

after control. By definition, the net volume acceleration based sensor does not

observe any of the odd-even or even-even modes of the plate. Therefore the sys-

tem is unable to effectively control these modes. However, they still contribute to

.the total radiated power, despite their lower radiation efficiency compared to the

odd-odd modes. In fact for some frequencies they can radiate more power than
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volumetric modes [3].

Another interesting feature of the control performance of the volume acceler-

ation based sensor is the large control spillover occurring around 290 Hz. In this

frequency range, the controlled structural response exhibits a velocity distribution

which perfectly cancels the summation of the nine acceleration amplitudes. How-

ever, this velocity distribution radiates significantly in the far field which explains

the control spillover. On examining the radiated power level at the resonance fre-

quency of mode (4,1), the dotted line shows significant reduction even though the

symmetry of the velocity distribution associated with the (4,1) mode should can-

cel the sensor output. This phenomenon is explained by the presence of the two

PZT patches in the model resulting in slightly asymmetric modes. These slight

differences in magnitude and phase of the acceleration amplitudes measured at the

nine location shown in Figure 1 result in a non-zero error signal amplitude. Note

that these differences are averaged out when using a higher level of discretization.

To illustrate this point, another simulation was performed where the sensor uses

a 20 by 20 grid of acceleration point measurements to estimate the net volume

acceleration. This level of discretization ensures almost perfect estimate of the

net volume acceleration in the frequency bandwidth of interest. Figure 3 shows

the radiated power before (solid line) and after control using the previous 3 by 3

sensor (dashed line) and the 20 by 20 sensor (dotted line). The 20 by 20 sensor

yields a much more accurate estimate of the net volume displacement. This is

apparent around 558 Hz where the (4,1) mode is not observed by the sensor and

results in no radiated power attenuation. Also, the system's behavior noticed in

the case of the 3 by 3 sensor around 290 Hz no longer appears with the 20 by 20

sensor. In conclusions, even though the 3 by 3 sensor might yield larger global

attenuation in some cases such as at a frequency around 558 Hz, a higher level of

discretization ensures a better estimate of the net volume acceleration and thus
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enable the controller to observe all volumetric velocity distribution. Note that a

PVDF continuous sensor designed to observe the same information is therefore

likely to perform better compared to a 3 by 3 sensor. However, several authors

have shown the difficulties of designing such a sensor with the required accuracy,

especially for two-dimensional radiators [9, 11].

To summarize the above results, the reduction levels for the total mean-square

velocity and sound radiated power computed over the frequencies of interest are

shown in Table 4. The first line corresponds to an additional simulation case

where the far-field pressure error estimate (sensor output) is replaced by the ac-

tual far-field pressure evaluated in the same direction. Note that this configuration

nearly yields the same level of reductions as the pressure estimate structural sensor

(DSAS). This demonstrates the ability of the sensor to replace far-field measure-

ments as it was shown in previous work. On the other hand, the sensors based on

the net volume acceleration (DSVAS) yield small level of overall reduction (10 dB

for the 3 by 3 sensor and 8 dB for the 20 by 20 sensor) when compared to the

performance of the DSAS sensor. The higher levels of attenuation achieved by the

3 by 3 sensor is consistent with the curves of Figure 3 discussed earlier. Despite

strong attenuation levels at the resonance frequencies of the odd-odd modes, the

overall reduction level remains small due to the remaining peaks in the controlled

response of the odd-even and even-even modes.

IV. Conclusions

The Discrete Structural Volume Acceleration Sensing (DSVAS) approach, i.e.,

based on unit transfer functions, performs well in the low frequency range below

the resonance of the first non-volumetric mode of the plate. Due to its simplicity,
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it is the recommended method in this frequency range. At higher frequencies, the

Discrete Structural Acoustic Sensing (DSAS) approach, i.e., based on radiation

transfer functions, provides much increased performance due to the fact that it

observes radiation from all modes. Thus near and above the resonance frequency

of the first non-volumetric mode, DSAS is the recommended sensing approach for

ASAC.
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Table 1: Plate and PZT's dimensions and material properties

Parameter Plate PZT
length in x axis (mm) 380 38
length in y axis (mm) 298 32
thickness, h -(mm) 1.93 0.1905
Young's modulus (N/m 2 ) 2.04 x 1011 6.1 x 10'0
Poisson ratio 0.28 0.33
mass density (kg/mi3) 7700 7750
hysteretic damping factor 0.0005 0
d31 constant (m/V) -------- 171 x10- 12
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Table 2: Transducer location

transducer type center coordinate, x/L, center coordinate, y/Ly
disturbance point force -0.60526 -0.56376
control PZT 1 0.41579 -0.45302
control PZT 2 0.41579 0.38926
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Table 3: Plate natural frequencies

Mode (m, n) Natural frequency (Hz)
(1,1) 86.0
(2,1) 181.2
(1,2) 241.4
(2,2) 332.7
(3,1) 339.1
(3,2) 484.6
(1,3) 494.5
(4,1) 557.7
(2,3) 580.7

(4,2) 695.5

J. Acoust. Soc. Am. J. P. Maillard and C. R. Fuller page 22



Table 4: Total mean-square velocity and radiated power attenuation

Attenuation (dB) Mean-square velocity Radiated power
Error mic. 17.7 23.8

DSAS 17.1 23.8
DSVAS (3 by 3) 5.5 10.1

DSVAS (20 by 20) 3.9 8.2
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Advanced time domain wave-number sensing for struc-ural
acoustic systems. Part III. Experiments on active broadband
radiation control of a simply supported plate

J. P. Maillard and C. R. Fuller
Vibration and Acoustic Laboratories, Mechanical Engineering Department. Virginia Polytechnic Institute
and State University, Blacksbwg, Virginia 24061-0238

(Received 23 November 1994; revised 12 May 1995; accepted 21 June 1995)

The present work gives further developments and experimental testing of a new time domain
structural sensing technique for predicting wave-number information and acoustic radiation from
vibrating structures. Most structure-borne active s. md control approaches now tend to eliminate the
use of microphones located in thf far field by developing sensors directly mounted on the structure.
In order to reduce the control authority and complexity required to minimize sound radiation. these
sensors should be designed to provide error information that is solely related to the radiating part of
the structural vibrations, e.g., the supersonic wave-number components in the case of planar
radiators. The approach discussed in this paper is based on estimating supersonic wave-number
components coupled to acoustic radiation in prescribed directions. The spatial wave-number
transform is performed in real time using a set of point structural sensors with an array of filters and
associated signal processing. The use of the sensing approach is experimentally demonstrated in the
time domain LMS active control of broadband sound radiated from a vibrating plate. Comparisons
of the control performances obtained with the wave-number sensor and error microphones in the far
field show that only a few point sensors are required to provide accurate radiation information over
a broad frequency range. The approach demonstrates good broadband global control of sound
radiation. © 1995 Acoustical Society of America.

PACS numbers: 43.40.Dx, 43.40.Vn

INTRODUCTION technique should take into consideration the structure/fluid
interaction so that only the radiating part of the structural

Over the past few years, much research has been con- vibrations is observed by the sensor. The principal advantage
ducted in the area of active control applied to structure-borne of this approach is that it allows "modal restructuring" in the
sound. In active structural acoustic control (ASAC), the control mechanism;"14 in some cases, the residual response is
minimization of sound radiation is achieved by applying os- not attenuated but rather the structure is forced to behave like
cillating force inputs directly to the structure rather than by an inefficient radiator. As a result, the control authority and
exciting the acoustic medium with loudspeakers (active noise number of channels required to achieve sound attenuation is
control). The technique can often produce global far-field reduced. Clark and Fuller have discussed the use of polyvi-
attenuations with relatively few actuators as compared to ac- nylidene fluoride (PVDF) thin film modal sensors in sound
tive noise control. In early studies, Fuller has shown both radiation control for rectangular radiators below the critical
theoretically' and experimentally2 the use of point forces as
control actuators. More recent works have demonstrated the frequency.s With appropriate shapes and locations, PVDF
potential of multiple piezoelectric actuators to replace shak- rs obser toe sme
ers and realize a more compact or "smart" structure.3 radiate to the far field.

One of the primary concerns in active control of sound For planar radiators, the radiating part of the structural

is choosing the appropriate sensor in order to provide the vibrations corresponds to the supersonic region of the wave-

control system with "error" information. Error microphones number spectrum where the structural wave number is

located in the far field have yielded good results, since the smaller than the acoustic wave number in the surrounding

quantity to minimize, i.e., acoustic power radiated from the medium. Therefore. a possible approach is to build a wave-

structure, is directly related to the far-field pressure. How- number sensor that selects and estimates those supersonic

ever, the microphone solution is often impractical in real wave-number components. Fuller and Burdisso previously

applications and, in an attempt to make the system more showed the potential of a wave-number domain controller6

compact, the current research tends to develop radiation sen- based on this type of error information. For implementation
sors that are mounted on the structure. One possible ap- with broadband control algorithms, the wave-number esti-

proach is to design structural error sensors in order to mini- mate must be performed in the time domain. Following these

mize the vibrationv. over the entire radiating surface (active ideas, Maillard and Fuller introduced a new sensing tech-
vibration control). Such an approach would obviously yield nique that predicts, in the time domain, supersonic wave-
sound attenuation. However it will require, in many cases, a number components coupled to acoustic radiation in pre-
great number of control inputs. A more practical sensing scribed directions. 7"8 In the approach of Maillard and Fuller,
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the wave-number transform of the structural acceleration dis- Defining the two-dimensional wave-number transform of the
tribution is performed in real time using point sensors with spatial distribution f(x,y) as
an array of finite impulse response (FIR) filters and associ- f +W "
ated signal processing. The resulting error signal can be di- f(k, ,ky) f(x,y)eJk~eJk,. dx dy, (3)
rectly used as the error information in time domain control
algorithms. The present work gives further development and Eqs. (1) and (2) become, respectively, in the wave-number
experimental testing of the method. In particular, this paper domain,
experimentally demonstrates the use of such an approach in
the active control of sound radiation. '2-22 P(k, ky Z)=0,

After recalling the theoretical basis of wave-number 0 ko-kx-ky+ )-z (4)
sensing applied to acoustic radiation previously discussed in
Refs. 7 and 8, the sensor is briefly described for practical -z
implementation. Experimental results from wave-number a
sensing of a simply supported plate are first discussed. The Note that the sign of the forward transform in Eq. (3) is
sensor output is compared to the actual wave-number com- appropriately chosen to obey the Sommerfeld radiation con.
ponent of the plate in order to evaluate the prediction accu- dition. The above second-order homogeneous differentiao
racy. The radiation from the simply supported plate is then equation is solved for der h gooueZ) as
controlled using a three-channel feedforward control ap-
proach. The system is excited by a bandlimited white noise jpW(k.,k,)
including the first five bending modes of the plate. Wave- P(k,,ky ,z)= (4:2-k 2 k2)1
number sensing is compared to the use of error microphones. ,0 -X ky,
Results show the ability of the technique to replace far-field xexp(-j(k•-k -k2)1 /2z]. (6)
acoustic measurements and provide accurate error informa-
tion over a broadband frequency range. Its use in active The term exp(+j(k -k'-k')2 1,] that represents waves
structural acoustic control is successfully demonstrated. going toward the structure is omitted since the acoustic me.

dium is boundless. The single constant that remains ii the
solution is then found using the transformed boundary con.

I. THEORY dition in Eq. (5). From Eq. (6), the transformed pressure field
is seen to decrease exponentially as waves travel away fromThis section briefly reviews the theoretical concepts as the structure for values of k1 n k~ such that k 2 -k2 >0sociated with'the proposed sensing technique. For more de- th tutr o auso xand , y suc tht . y .-,0,

sotaedi th' the peaderopsrefed sensin thet rehnique. Formpior d i.e., in the subsonic wave-number region. The structure radi-.
tails, the reader is referred to the two previous companion ates in the far field only when k2 + k2 k2, i.e., in the super-

papers'" sonic wave-number region. Now, the pressure field is ex-
A. Far-field pressure and structural wave-number pressed in the spatial domain by applying the inverse wave.
component number transform:

Figure 1 shows a two-dimensional planar structure of I (+= (,+=
length L1 and width with out-of-plane displacement along P(x,y,z)=
the z axis. w(x,y,t)= W(x,y)eJ". Time harmonic excitation
is assumed here. The following results are easily extended to x e jkyy dkA dky. (7)
broadband excitations by means of Fourier transforms. Thestructure is mounted in an infinite baffle, i.e., W(x,y)'-O for unger and Feit9 showed that ionary integral can eratu- E

lxl>LI2 and jyl>Ly/2. The symbol w represents the angu- Usin using the stationary phase approximation.
lar frequency and t is the continuous time. The acceleration Using spherical coordinates, xY=r sin 0cos
field is given by )ý(x,y,t)= -aW2W(x,y)ej't, where sý rep- Y=r sin 0 sin 0, and z= r cos 0, the points of stationary

resents the second time derivative of w. The pressure radi- phase are found to be

ated by the structure, p(x,y,z.t)=P(x,y,z)ej"t, must satisfy / 1 -ko sin 8 cos 46 and ko sin 8 sin •. (8)the three-dimensional Helmoltz equation,"
the thea d t eThe pressure field at a particular spherical coordinate now

++ 21  becomes a function of the acceleration wave-number trans. s
.+ a + z koX P(x,y,z)=O, (1) form evaluated at (k• ,k,):

along with the boundary condition that defines the interac- 0 pekor a
tion between the structure and fluid, p(r, 9, r,)- = all

ap dis
pý(xy) - a-z (x,y,z) at z=0, (2) X W(ko sin 0 cos 40,ko sin 9 sin (b)e"'. C.

(9) reýwhere ko = wic denotes the acoustic wave number and c is ax
the speed of sound in the surrounding medium. The quantity The main significance of the above expression can be stated
Wi(x,y) represents the complex amplitude of the out-of- as follow: For a baffled planar structure, the far-field radia
plane acceleration distribution, i.e., W(x,y) -W 2W(x,y). tion in a given direction is solely a function of the way !
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ber component evaluated at the stationary-phase wave

umbers. This result motivates the design of a structural
ave-number sensor.

(3) simply-supported ound
riatio

mber 5.Estimate of the acceleration wave-number a
nsform

A time domain estimate" of the structural out-of-plane
c zcceration wave-number component coupled to acoustic

rdiation in direction (0,,0) can be constructed by discretizing d
e spatial stucural response over a grid of 2 by NY mea- 0disturm

surement points equally spaced along the x and y axis. The :a. o

continuous representation of the acceleration wave-number"
3) ransform is approximated by a finite summation defined as .. .

con- A", N. Nrntia wd(k•,kv,t) =A. A'Y •-• X f .x.y,Yt) -
• nX=1 ny.1" baffle

X exp(jk,,x)exp(jkyy), (10)

Swhere Arx = L/Nx and Ay =L,/NY. Writing the stationary-
phase wave numbers, k, and kb,, in terms of frequency [Eq. FIG. I. Plate geometry and control arnrgemen.

(6) 1(8)], the discrete wave-number transform in Eq. (10) can be
rewritten in terms of the frequency co and radiation angles II. EXPERIMENTAL SETUPe (,s) as

me- t An experimental investigation of the sensing technique

on- V7d(W90,46,t)=AXAVý(X, .y t ,and ASAC implementation was performed on a simply sup-
eld I t=y =, ported plate mounted in a rigid baffle inside an anechoic

chamber with a cutoff frequency of 250 Hz. The plate ismr Xexp(jwrl-l ), (11) made of plain carbon steel and has dimensions 380X298
x 1.93 mm. The arrangement is shown schematically in Fig.

i dy 1. Thin, flexible metal shims connect the edges of the plate to
e r,,Y=(x, sin 9 cos Ok+y,, sin 9 sin i1)/c. (12) a heavy support stand to provide the simply supported

tx y rboundary conditions. Table I gives the experimentally mea-
- In the above expression, sý(x,.,y,,j), represents the time sured resonance frequencies of the first ten bending modes of
.domain acceleration measured at location (x,, ,y% ) while the the plate.
exponential term is a constant magnitude and linear phase To validate the sensing method, a first set of tests was
i.transfer function. In order to obtain causal transfer functions, conducted to compare the wave-number components pre-
Le., transfer functions having a negative phase shift at all dicted by the sensing technique with the actual wave-number
frequencies of interest, a constant time delay Ar components of the plate over a broadband frequency range.

S max{r,;4 is subtracted from r,,, ; i.e., the time delay in The disturbance signal is a bandlimited random noise from 0

n. Eq. (11) becomes to 630 Hz which is generated by a Briiel & Kjmr 2032 spec-
'N trum analyzer and a Frequency Device 9002 low-pass filterl,,,,y , n-= with cutoff frequency 630 Hz. This signal is amplified andy y(13) fed to a point force shaker actuator. The shaker location is

The modified transfer functions can now be modeled by fi- given in Table II.Dite impulse response filters. Note that the discrete wave- The predicted wave-number component is constructed

number component becomes d(kx,t - Ar7). It has been
Shown previously that this delayed error signal yields the TABLE 1. Measured plate resonant frequencies.
Same control performances as i(/(k• ,t).7

It should be noted that the discrete transform of Eq. (10) Mode (mn) Measured frequency (Hz)

allows evaluation of w(kx ,ky ,t) at any value of (kx ,k,) and (2.1) 183
thus radiation at.any particular angle. The more conventional (1,2) 244
discrete Fourier transformt° is usually defined only for a dis- (2,2) 330
crete iet of values, nAk1 and nAkY, where Ak, and Aky (3.1) 343

- represent the spatial frequency resolution along the x and y (3.2) 474
axes. This definition makes possible the use of fast Fourier (1,3) 491

(4.1) 556
. transform algorithms in the off-line evaluation of the wave- (2.3) 571

n'umber transform. 1 However, the FFT approach cannot be (4.2) 657
applied to real time wave-number sensing.
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TABLE U. Transducer locauons, piston shaker providing constant acceleration over its sur-
face. With the shaker being exciting over the frequency range

Transducer type x coordinate imm) Y coordinate (amt) of interest, i.e., 0-630 Hz, the outputs of the charge ampli-

disturbance (shaker) -115 -84 fiers are fed to the DSP board and an on-line system identi-
control I (pzt) 79 -67.5 fication code using the LMS algorithm is implemented to
control 2 (pzt) 79 58 update the FIR filter coefficients. Five coefficients were used
control 3 (pzt) 35 -6 for the calibration impulse response. Thus the resulting filters

had seven coefficients.
The actual wave-number component of the plate is corn-

according to the discrete formulation in Eq: ( 1). Figures 1 puted using the plate out-of-plane response data measured by
and 2 present the configuration of the wave-number sensor. a laser vibrometer. The laser vibrometer is mounted on a
Nine accelerometers are mounted on the structure to provide computer-controlled linear traverse that allows the measure-
the structural information, i.e. N, = NY = 3. Referring to Fig. menti of the transfer function between the disturbance signal
2, the acceleration signals are sampled and passed through and the plate out-of-plane velocity on an eight by seven grid
digital filters whose impulse responses model the transfer of points equally spaced on the plate. The plate modal am-

focun points,~, eqal asce descheibedtin Tefspl7tando8.lThefunctions exp(joi,,, ) as described in Refs. 7 and 8. The plitudes and its wave-number transform are then computed
sum of the filtered signals gives the time domain estimate of off-line as described in the Appendix. Preliminary studies on
the wave-number component. The wave-number sensor uses an analytical model showed that the above discretization
three mini B&K accelerometers and six BBN 501 acceler- gave almost perfect matching between continuous, i.e., the
ometers. Six in-house developed charge amplifiers and three closed-form expression of the wave-number transform, and
B&K charge amplifiers type 2635 are used to condition the discrete representation, on the frequency range of interest.
accelerometer output signals. The signal processing part of Here, the discrete representation refers to the off-line esti-
the sensing technique is implemented on a TMS320C30 digi- mate of wave-number components using Eq. (10) rather than
tal signal processor (DSP) board installed into a host 80486- the output of the wave-number sensor.
based personal computer. A C code has been previously writ- The second set of experiments was conducted to dem-
ten to process up to 12 input signals and generate three onstrate the use of the sensing technique in a feedforward
output signals corresponding, respectively, to 12 structural sound radiation control approach with broadband distur-
measurements points and three wave-number components. In bances. Three single-sided Gl195 PZT piezoelectric actua-
the following tests, the three outputs are used. thus allowing tors with dimension 38x32X0.19 mm are mounted on the
to test the sensor accuracy in threb different directions simul- plate as control inputs. Their center coordinates are given in
taneously. The three estimated wave-number components Table II and they are shown schematically in Fig. 1. The
were chosen to be coupled to far-field radiation at angles disturbance input is applied through the same shaker as for
0=-36', 0=0°, and 0=360 in the x-z plane (4=-0*). These the sensing tests. The low-pass filter cutoff frequency is now
three angles were found to adequately sample the pressure set to 400 Hz in order to include the first five bending modes
field in the radiation midplane. The filter impulse responses of the plate. The wave-number sensor also uses the same
associated with each point sensor are computed analytically configuration as for the sensing tests, i.e., same sampling
as described in Ref. 8. The sampling frequency was set to frequency and filter coefficients. To compare the perfor-
2000 Hz and each filter had three coefficients to model the mances of the wave-number sensor with far-field pressure
transfer functions. In order to compensate for the slight mag- sensing, three error microphones are set up in the radiation
nitude and phase differences between the dynamic response field. The three microphones are located in the horizontal
of each accelerometer and charge amplifier path, each "sens- plane (0=0°) at a radius r= 1.85 m along the three directions
ing" discrete impulse response is convolved with a "calibra- of pressure estimate given above. The filtered-X version of
tion" impulse response. The calibration impulse response is the LMS algorithm' 2 is implemented on a second
implemented by a FIR filter designed to model the maggm- TMS32OC30 DSP board in order to drive the three control
tude and phase differences relative to a reference path. To inputs. The control system adapts the coefficients of three
this purpose, the accelerometers are initially mounted on a FIR compensators based upon the error signals, i.e., outputs

of wave-number sensor or far-field error microphones, and
the reference signal filtered by an estimate of the transfer
functions between each one of the three control input signals

- and three error output signals. These nine fixed transfer func-
I tions can be modeled by infinite impulse response (IR) fil-

ters in the case of broadband disturbances as discussed in

"FRavenumber Refs. 13 and 14. The reference signal is taken from the out-

" component put of the low-pass filter, thus providing a signal coherent

._ etiat with the disturbance. The sampling frequency of the control-S~estimate
FIRU ler board is set to 1500 Hz. A set of nine 35th-order IIR filter

are used to model the filtered-X paths, while the three adap-
tive FIR compensators have a 35 coefficient impulse re-

FIG. 2. Wave-number sensor block diagram. sponse. Note that a single board could implement both sens-
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:1 -ýur. LE [II. Extra micropnone ;ocanons. cies are Dased on transfer .actions relative to the out-put
= ____ signal of a force transducer monitoring the input force ap..

mpli. r (in) 9 (deg) 0 (deg) plied by the disturbance shaker. The plot shows excellent

:oent . tocauon t t.19 48 8 matching between actual and predicted wave-number corn-
ted to location 2 1.32 10 0 ponents up to 200 Hz. Slight magnitude increases occur

S location 3 1.96 53 -148 above this frequency but the variations remain within 3 dB
fltr over the first five modes of the place. Above 4.100 Hz, the

error between actual and predicted wave-number component

"* ing and control part, due to the relatively low computational further increases reaching a maximum of 8 dR at the reso-

,J by load required by the wave-number sensor. However for these nance frequency of mode (4,2). The phase angle exhibits the

on a laboratory tests, it was more convenient to program the sens- same trends and is not shown here. Also notE that similar

Sure. ing and control on separate DSP boards. To monitor the ra- performances were obtained in the two other 'directions of

|m diated sound from the uncontrolled and controlled system, a prediction. i.e.. 0=-36' and 0=0°. Since the radiated pres-

rd microphone traverse located in the far-field measures the sure is' directly proportional to the wave-number component

pressure field in the horizontal plane at 21 angles with a 9- corresponding to the direction of radiation, the above resultsue deg increment. Three extra fixed microphones provide pres- ensure that the sensor is also providing good broadband pre-

• sure information out of the horizontal plane in order to con- diction of sound radiation as discussed later.
irm .he global nature of the control. Their location appears The variations between actual and predicted wave-

in Table fII. The laser vibrometer data is also used to com- number components can be further discussed in terms of

and pute the plate modal amplitudes before and after control as aliasing due to the discrete integration scheme of the wave-

r-est described in the Appendix. All the measured time domain number transform. A one-dimensional structure is considered
signals are transformed into the frequency domain using a here for simplicity. As discussed by Fahy,' 5 the pth bending

han B&K analyzer type 2032. mode presents a main peak in the wave-number domain at
k,,= =pirIL. Hence significant aliasing will occur at the cor-

-! Ill RESULTS responding resonance frequency if the Nyquist wave number,

ard KS= i/ Ax (Ax=L/Nd being the spatial sampling period), is
A. Wave-number sensing smaller than pir/L or Nd<p. Moreover, since the structure is

Analytical results and simulations from Refs. 7 and 8 finite, the main peak obtained at a resonance frequency will

the show that only a small number of point sensors are required be scattered into a continuum of smaller wave-number com-

in to estimate wave-number components for the low-order ponents extending up to infinity. Therefore, some aliasing

e modes of a simply supported beart±. The following section will also occur for modes where Nd>p. In order to reduce

'or discusses the experimental results obtained with the simply aliasing errors, it is necessary to filter out the wave-number

w supported plate and sensor presented earlier, components that are higher than the Nyquist wave number.

.es Figure 3 shows the magnitude of the actual (solid line) No sensor design has been prop: zed at this time to achieve

e and predicted (dashed !ine) wave-number components asso- spatial wave-number filtering. S,-,uh a sensor should con-

ciated with direction of radiation 9=360. Both transfer func- volve the spatial distribution of tý.e structural response with
dons are relative to the disturbance signal (output of the sig- the appropriate impulse response, whose wave-number trans-

e al generator) and the peaks observed in the response do not form has the characteristics of a low-pass filter. ft should be

)n always match the resonance frequencies given in Table 1, As noted that distributed sensors, such as PVDF films, perform

in standard modal analysis practice, these resonance frequen- spatial weighting of the structural response, i.e., a multipli-
cation rather than a convolution product. Discussion of alias-

f ing and its effect on the discrete wave-number transform and
od'aliasing are also given in Ref. 7.

To further validate the wave-number sensing technique,
it is of interest to study how the wave-number information

Srelates to the actual radiated pressure. In theory, wave-
4 I * I number components coupled to a given direction of radiation

a are related to the far-field pressure by a constant magnitude
o- and linear phase factor as expressed in Eq. (9). Figure 4

*' 'shows the magnitude of the transfer function between the
40 signal generator and the measured actual wave-number corn-

ponent coupled to direction 8=36° along with the magnitude
of the measured transfer function between the signal genera-
tor and the traverse microphone output located along the
same direction. Note that a scaling factor has been intro-

0 too Z O s340 S oo 700 duced to facilitate the comparison. Very good agreement be-
F.,U2,M/ (HI) tween wave-number information and measured radiated pres-

FIG. 3. Actual (- ) and predicted (-) wave-number component sure is obtained at practically all frequencies. The important

cOupled to direction of radiation (9=-36°, 6=01). variation noticed at the resonance frequency of mode (1,2) of

17 J. Acoust. Soc. Am., Vol. 98, No. 5, Pt. 1, November 1995 J. P. Maillart and C. R. Fuller Time domain sensing 2617



80 50

7j1 1k3J 40f1
35301

SI

31.0

to 0 100 200 300 400 500 600 700 50 too I• 2•o 250 300 350 400 450 s
0 Fi cricy (Z

FIG. 4. Actual (-) wave-number component and measured ~ FIG. 6. Auro-spectrum of dhe third microphone error signal (1--36', b=o,

pressure in direction of radiation (61-36", 0=01) before ,and aer (--) control.

the plate, 244 Hz, is mainly due to 60-Hz noise in the mi- eration wave-number components coupled to radiation in di.

crophone charge amplifier used for the measurements. Very rections =-- - 36", 0=0", and 8=36". Three microphones lo.

poor coherence (below 0.4) was noticed at this frequency. It cated in the far field at the same angles in the horizontal

should also be noted that the even modes along the y direc- plane are also used as error signals in order to compare the

tion. i.e., modes (1,2), (2,2), and (3,2), do not exhibit the relative performances of both types of sensing.

expected zero sound-pressure level in the horizontal x-z Figure 5 shows the experimentally measured auto-
plane. Due to imperfections in the boundary conditions as spectrum of the third error signal (wave-number component

well as the discontinuities introduced by the piezoelectric estimate coupled to radiation at angle 0=36°) for the uncon-

patches and the disturbance shaker, the mode shapes of the trolled (solid line) and controiled (dashed line) system using

plate are not perfectly symmetric with respect to the x and y wave-number sensing as described above. Significant reduc-

axes. Hence, the velocity distribution along the y direction tion is achieved across the entire bandwidth. The radiation

does not perfectly cancel to give zero far-field pressure in the for each one of the five modes is attenuated and the residual

horizontal plane. response does not show any clear resonance behavior, result-
ing in a rather flat frequency content. The same trends were
measured for the first (8=-36°) and second (0=0') error

S. Radiation control signals. The total sound-pressure level attenuation c: the

The second set of experiments described in this paper three error signals was calculated by integrating the three

implements wave-number sensing in the radiation control of auto-spectra over 10-600 Hz. Reduction levels of 12, 12.8,

the plate presented earlier. As described in part 11, the control and 13.5 dB were achieved, respectively. When replacing the

approach uses a three channel filtered-X LMS algorithm and wave-number sensor outputs by the three error microphones,

the wave-number sensor provides an estimate of the accel- "similar performances are obtained in terms of error signals.
Figure 6 shows the auto-spectrum of the third microphone
error signal (0=-36*) before and after control. Again, attenu-

50 ation is achieved over the entire bandwidth. In this case. the

40. * (des)

30-

120-4,-545

01

-to 
9 14 12 10 8 6 A 2 2 4 6 1 10 12 14 g

50 100 ISO 200 250 300 350 400 450 Soo
Pyonv (HZ) R.adistad Soemd Pieuun LeveI Reducton (dl)

FIG. 5. Auto-specmun of the third wave-number sensor error signal (a FIG. 7. Total sound-presssure level reduction integrated over 10-600 i
=360, 0= 0*) before (- ) and after (-) contuol. using wave-number sensor (- ) and error microphones ( ----- ).
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AaE IV Total souno-pressurt :eve; reduction tntegrated over 10-. '0 4 (des)

PL reduction in dB Location I Location 2 Location 3

laVe-.umber sensing 11.8 9.6 10.3 ,

r microphones 12.4 10.6 10.6

total reduction levels for the three microphones are 9.3, 10.4,
In order to estim ate the overall perform ances of both. 5 3.. o.

c o n tr o l s y s te m s u s in g w a v e -n u m b e r s e n s in g o r p r e s s u r e m e n - 3 0 i 20 Is 0 3 5 10 1 :0 2 30 3S
surements. far-field pressure auto-spectra are measured in the Radiaed Soued Pre-Su, L,4,vlfd)

horizontal plane for - 900 <_ 8 _: 90' and at three "random"
locations out of the horizontal plane. Figure 7 shows the FIG. 9. Far-field sound-pressure level at 244 Hz before (-) and after

re ucations in deci el hiznr tal ov er the1 control using wave-number sensor ( over- 
)and error 1mcrophones 

(t 
6 H b -.

width and measured in the horizontal plane. The solid line On-resonance cases yield better accuracy for the wave-
corresponds to the use of the wave-number sensor and the number sensor than off-resonance cases as shown in Fig. 3.

f dashed line represents the performances obtained with error As a result, the plate modal response after control for 244 Hz

di- microphones. The three dashed-dotted straight lines show (Fig. 8) shows almost the same characteristics for both wave-
the three direction of minimization. The reduction obtained number and microphone sensing methods. As expected. the

at the three extra locatio- shown in Table IV and confirm far-field pressure in the horizontal plane also exhibits the
the global nature of the itrol. The two sensing methods same behavior whether wave-number or pressure sensing is

reduction is obtained at all angles and similar results can be Off-resonance, the sensor accuracy deteriorates and
found at the three extra locations which were out of the from the increased modal complexity, the control system be-

traverse plane. Thus the wave-num ber sensor appears to be com es more sensitive to sm all variations in the error signal.
fully able to replace the three error microphones in the far As shown in Fig. 10, the modal amplitudes after control
field. using the wave-number sensor differ slightly from the re-

To further compare the performances of wave-number sponse using pressure sensing. However the variations in the
sensing versus the use of error microphones, the system error signals remain small and both set of modal amplitudes
structural and acoustic response is now studied at three dis- fo/low the same tendency. Moreover the variations do not
tnct frequencies. The plate modal amplitudes are computed significantly affect the far-field pressure as seen in Fig. 11.
at 244, 305, and 110 Hz from the measured broadband dam For the second off-resonance case presented here (110 Hz),
(laser vibrometer), as outlined in the Appendix. Results are both methods reduced mode (1,1) to about the same !evel.
shown in Figs. 8, 10, and 12, respectively. For each of the However the amplitude of mode (2,1) increases much more
above frequencies, the corresponding far-field directivity pat- with the error microphones. In addition to the reasons given
tern obtained from the traverse microphone measurements is above, the far-field error measurements also differ from the
also presented in Figs. 9, I1, and 13, respectively, estimated wave-number components due to the presence of

At 244 Hz, the plate is on resonance of the mode (1,2). reflected sound waves. At this frequency, the chamber is no

025; 0.14 U

beor con 

e before 
oto

go- Afte conetol - wave0m.mber sensing I ( Z1 afte ow - wavemmber use oag
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FIG. 8. Velocity modal amplitudes at 244 Hz before and after control using FIG. 10, Velocity modal amplitudes at 305 Hz before and after control using

*lVe-number sensor and error microphones. wave.number sensor and error microphones.
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FIG. 11. Far-field sound-pressure level at 305 Hz before (-) and after FIG. 13. Far-field sound-pressure level at I10 Hz before (- i and afw i
control using wave-number sensor (---) and error microphones ( .. ). control using wave-number sensor (---) and error microphones (_ -.. ).

longer perfectly anechoic. As a result, the measured sound planar structures. The available bandwidth is directly related
pressure is perturbed by reflections from the chamber walls to the sensor complexity, ie, number of measurement points
while the output of the wave-number sensor remains unaf- and order of the FIR filters. When observing the low-order
fected by the surrounding sound field. As expected, the error structural modes, comparison of predicted and actual wave-.
microphones do a better job in reducing the sound pressure number information shows that only a few point sensors are
in the far field. The microphones measure the free field as required to build a fairly accurate integration scheme of the
well as the reflected field. On the other hand, the wave- wave-number transform. In order to improve the accuracy of '
number sensor only observed the free field, thus resulting in the sensor, the use of spatially convolving sensors shoutd be
poorer performances. The above results present a good ex- considered to provide antialiasing filters in the wave-number
ample of modal restructuring.4 The controlled modal ampli- domain.
tude of mode (2, 1) increases but the total structural response When applied to radiation control, wave-number sensing
still has a lower radiation efficiency resulting in far field yields the same levels of attenuation as error microphones in
pressure reduction. the far field. By observing the radiating part of the structural

vibrations (supersonic wave-number components), wave-
IV. CONCLUSIONS number sensing provides a more selective error information

compared to other structural sensing methods. As a result,
Broadband structural wave-number sensing has been s x- the control authority needed to reach a given level of sound

perimentally demonstrated in the case of a baffled simply reduction is decreased and thus, the wave-number approach
supported vibrating plate. The main significance of the ap- results in improved performances and efficiency. Moreover,
proach is its ability to estimate, in e time domain, super- it can be of special interest when directional rather than glo-
sonic wave-number components coupled to prescribed dire.- bal control is needed. Sensing radiation in prescribed direc-
tions of radiation over a broadband frequency range. tions rather than over the entire surrounding medium also 4
Provided the sensor is accurate enough, it can completely reduces control authority.
replace the use of error microphones in the case of 'baffled The present approach is only valid in the case of baffled

0___ planar radiators. For more complex geometries and non-

baffled structures, a different type of integration scheme '

0033 - aft- ,avertu must be derived to account for the diffraction terms. T-:s is
0 After .... M the topic of future investigations.
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I 1  APPENDIX

- ~ ý Z ' 4 A The evaluation of the plate modal amplitudes and wave-
"*teds Wn) number transform from the out-of-plane velocity measure-

FIG. 12. Velocity modal amplitudes at 110 Hz before and after control using ments is briefly outlined. The plate out-of-plane velocitY
wave-number sensor and error microphones. )i(x,y,t) is expressed using the assumed modes method as
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.. where

=iWWry)ei`, (A,1) r y):

where , is the complex modal amplitude of mode (re,n). cos( yL,/2), for m odd,
Assuming the plate is effectively subject to simply suppoited X - sin(yL,/2), for m even, for y,, y,
boundary conditions, the mode- shapes along the x and y
directions are expressed in the coordinate system of Fig. I as =jL,/2 exp(-j-/L•/2), for Ym= y, (A7)

(x) '=sin[ ym(x+L,/2)]
and

and (A2)

4•,(y)=sin(y4 (y+L,.2)], 2Y) y

respectively, where y, -m /L,, and y1=nr/rL,. Equation
(Al' carn be written for N different locations (xi,yi), ]cos(yL>.2), for n odd.

,i=1.2. N. Truncating the modal summation to include X i-j sin(yL /2), for n even. for y,,#y,
the first N modal amplitudes, the resulting set of equations is

-expressed as a linear system of the form =jLY/2 exp(-jyLy/2), for y, =y. (A8)

, S{Wns}{W}. (A3) 'C, R. Fuller. "Active control of sound transmission/radiation from elastic

4*The column vector W., contains the first N velocity modal plates by vibration inputs. L. Analysis." 1. Sound Vib. 136, 1-15'(1990).
ampltuds w,,,,]= 12.N incude in he ummaion C. R. Fuller. R. 1. Silcox. V. L. Metcalf. and D. E. Brown. "Experimnents

Samplitudes W,,,/j= 1,2,....,N, included in the summation :on stmctural control of sound transmitted through an elastic plate." in

of Ea. (Al). The column vector 4ii contains the N measured Proc. Am. Control Conf. 136. 2079-2089 (1989).
trans.-r functions between a reference signal, e.g., signal 3B. K. Wada, 1. L. Fanson. and E. F. Crawley. "Adaptive structures.- 1.

Intelligent Mater. Syst. Struct. 1 (2). 157-174 (1990).
generator. and the plate out-of-plate velocity at locations 4R. L. Clark and C. R. Fuller, "Control of sound radiation with adaptive
(x, ,yi). The square matrix S is given by structures," J. Intelligent Mater. Syst. StrucL. 2. 431-452 (1991).

'R. L. Clark and C. R. Fuller. "Modal sensing of efficient radiators with
Sij= mj(Xi),nj(yi), i= 1,2,....N, j= 1,2,...,N. PVDF distributed sensors in active structiural acoustic approaches," 1.

Ini iAcoust. Soc. Am. 91. 332 1-3329 (1992).
(A4) 6C. R. Fuller and R. A. Burdisso, "A wavenumber domain approach to

active control of structure-borne sound," 1. Sound Vib. 148 (2), 335-360
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Uersolved. Thmea reforenthe risponse Nmofa thephigherder Soc. Am. 95. 3252-3261 (1994).
be resolved. T~herefore the response of the higher-order 'J. P. 'Maillard and C. R. Fuller, "Advanced time domain wave-number
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ABSTRACT

In this paper, analytical and experimental results of an investigation of active control of sound radiated
from cylinders are presented. The aluminum cylinder is 1 m in length, 25 cm in diameter and 2.4 mm in
thickness with two rigid end-caps at both ends. The excitation is a band-limited random noise encompassing
the first five modes of the cylinder and the control actuators are surface mounted piezo-electric transducers.
Since it is desired to integrate the error sensors into the structure, the recently developed Discrete Structural
Acoustic Sensing (DSAS) approach is extended to cylindrical coordinates and implemented using twelve
accelerometers mounted on the cylinder. The structural acoustic sensor provides time domain estimates
of far-field radiated sound at predetermined radiation angles. The controller is a 3 by 3 Filtered-X LMS
paradigm implemented on a TMS320C30 DSP. The results show good global control of the radiated sound
over the frequency bandwidth of excitation. Most"important, the proposed discrete structural acoustic sensor
yields similar performances as error microphones located in the far field. [Work supported by the Office of
Naval Research]
Keywords: active radiation control, cylinder, experiment, piezoelectric transducer, transducer
array

INTRODUCTION

Much research has been conducted in the active control of low-frequency structure-borne sound. When
compared to passive methods, active control presents significant advantages in the low-frequency range
where passive control becomes often impractical due to prohibitive volume and/or mass requirements. For
the past decade, Active Structural Acoustic Control (ASAC) has received much attention as it presents a
practical alternative to the control of low-frequency radiated noise [1, 2]. In this technique, the radiated
sound pressure is attenuated by applying mechanical inputs directly to the structure rather than by exciting
the surrounding medium with acoustic sources (Active Noise Control). Piezo-electric devices have been
applied extensively to Active Structural Acoustic Control systems as structural actuators [3-51 thus yielding
a compact or "smart" structure. In an attempt to further reduce the size of the overall control arrangement,
the microphones located in the far field to provide radiation error information are also being replaced by
structural sensors such that all transducers are integrated iu the structure.

As most ASAC applications involve noise control below the coincidence frequency of the radiating struc-
ture, appropriate structural sensors'for ASAC should only observe the radiating part of the structural
vibrations. This gives more flexibility to the controller which in some situations modifies the structural vi-
brations such as to attenuate far-field radiation with no net reduction in the overall vibration levels. Sound
attenuation in the far field can then be achieved with a reduced control authority compared to cases where
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all structural motion is canceled (Active Vibration Control) [6].
With the emergence of polyvinylidene fluoride (PVDF) as a sensor material, several structural sensors for

ASAC have been proposed to observe the radiating part of the structural vibrations. Most of these sensing
techniques are based on modal sensing [7]: the sensor effectively observes a specific set of modes of vibration
(natural or radiation modes of the uncontrolled respose) which couples well to far-field radiation [8-11].
An accurate knowledge of the structure's dynamic properties is therefore required. Recently, an alternative
sensing technique referred to as Discrete Structural Acoustic Sensing (DSAS) was demonstrated both ana-
lytically [12,13] and experimentally [14,15] on baffled planar radiators. The technique implements an array
of structural point sensors whose outputs are passed through digital FIR filters to estimate in real time the
far-field radiated pressure in a given direction, or equivalently, a given wave-number component, over a broad
frequency range. It uses the relation between the structural out-of-plane vibrations and the far-field sound
pressure as defined by the Helmholtz integral. One of the significant advantages of this strategy lies in its
low modeling requirements compared to modal sensing approaches. In particular, the sensor design does not
require the knowledge of the structural mode shapes and thus remains largely independent of the boundary
conditions. Consequently, it is particularly well adapted for feedforward control approaches commonly used
in ASAC systems where no analytical system modeling is necessary. This paper presents analytical and
experimental results on the extension of Discrete Structural Acoustic Sensing to baffled cylindrical radiators.

Most of the work on ASAC systems deals with planar geometries or systems than can be decomposed
in a set of planar radiators and few reports of experiments on cylindrical structures can be found in the
literature. Previous work by Clark and Fuller [16] demonstrated experimentally the harmonic control of
sound radiation from a finite enclosed cylinder using PVDF error sensors and piezo-electric actuators. The
"present study extends the above work by considering broadband radiation control over the first five flexural
modes of the -structure. After briefly introducing the theoretical formulation, analytical and experimental
results are presented. In both cases, the discrete structural acoustic sensor is first studied in terms of its
accuracy to predict radiated pressure. Broadband radiation control results are then discussed by comparing
the performances of the sensor to those of error microphones located in the far field.

.4. THEORETICAL BASIS

This section presents the analytical formulation of Discrete Structural Acoustic Sensing. A relation between
discrete structural acceleration and far-field pressure estimate is derived for the case of baffled cylindrical
geometries.

Far-field sound pressure For the general case of arbitrary geometries, the sound pressure radiated from
a vibrating structure into an unbounded medium can be expressed using the Kirchhoff-Helmholtz integral
formulation [17). Assuming a harmonic solution for the pressure, p(r)ew*, where w is the angular frequency,
this is expressed as

p(r) = ff S. [PG(rjro)r(ro) + p(ro) (rro)] dS(ro), rE V()

In the above equation, So denotes the radiating surface and V the surrounding volume. The sound pressure
p(r) at field point r is expressed as a surface integral involving the out-of-plane structural acceleration, zb(ro),
the surface pressure p(ro), the Green's function, G(rfro), and its normal gradient, and the fluid density, p.
Note that this formulation assumes the radiator has solid boundaries, such that the fluid velocity on the
boundary is equal to the structural out-of-plane velocity. The normal pressure gradient then becomes equal
to pai(ro). Discrete Structural Acoustic Sensing is based on thb existence of a Green's function satisfying
the Neumann boundary condition,

-G (rlro) = O, r E So (2)

such that the radiated pressure field becomes solely dependent on the structural acceleration and geometry.
For baffled cylindrical geometries (see Figure 1), a closed-form solution exists for the Green's function
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Figure 1: Baffled cylindrical geometries.

verifying equation (2). The radiated pressure is then expressed as

p(R, 0, 0) = p JfL G(R, 0, 4)lr = a, 0', z')t (0', z')a d' dz' (3)

The Green's function in equation (3) can be obtained from the radiated pressure due to a point acceleration

distribution located on an infinite cylindrical baffle. The resulting expression is approximated in the far field

as (17]

_exp [-Ik(R - zo cos 0)] +0 jf~l1 cos fn(4) - 4'o)] 4
G(R, 0, 0)a, 0., zo) f r2akR sin B E --. 2 (ka4sinB))

where C, = 2 for n = 0 and e, = 1 for n > 0 (n integer). The function HJ(2) (z) denotes the first derivative

of the n0h Hankel function of the second kind. The acoustic wave-number is denoted as k = w/c where c is

the speed of sound. The various coordinates and dimensions involved in equation (4) are shown in Figure 1.

Sensor estimate An estimate of the radiated pressure in equation (3) is now constructed. The integral

over the radiating surface So is approximated using a N point zero-order interpolation of the acceleration

distribution (15], i.e., the acceleration is assumed constant over N small elemental surfaces, Sm, m -

1, 2,..., N, such that S -=U Sm. The resulting pressure estimate takes the general form

N

pd(R, 0, 0, t) = E i(om,Zm,t)Hm(R,B8,4) (5)
m=1

where (mn,z,) represents the coordinates of the mt1 node, and HQ(.R?, 4)), the mth sensor transfer function.

Defining Sm = aAznA,,4 n as the m"h elemental surface aligned with the axial and circumferential directions

such that its center coincides with (0)m, zm), the sensor transfer functions can be expressed as

H,(R,0, 0) = pIG(R,-,0Ia,0)•, z-)adol dz (6)

The transfer function Hm(R, 0, 4)) can be interpreted physically as the sound pressure radiated at (R, 0, 4)
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ACTIVE CONTROL OF SOUND RADIATION AND TRANSMISSION

from the mth elemental surface vibrating along the normal to its center (,m, z.) with a unit acceleration.
In other words, the pressure estimate is constructed by summing the radiation contribution of N cylindrical
pistons weighted by the measured acceleration amplitudes. It is thus referred to as the piston approximation.
Assuming the Green's function remains almost constant over each surface Sm, the transfer function in equa-
tion (6) can be replaced by paAz,m nA,.G(R, 0, Old, 0,,, z,m). In this case, the far-field pressure is estimated
from the contribution of N monopole sources (monopole approximation). As expected, both approximations
become equivalent as kmax(Azm, Aom) < 1.

It should be stressed that the sensor transfer functions solely depend on the geometry of the problem
and the properties of the fluid medium. No accurate knowledge of the structure's dynamics is thus required
for their design. Note however that some information is still needed in order to determine an appropriate
discretization level for accurate estimates. Furthermore, the sensing approach can be extended to geometries
for which no Green's function is available analytically. The far-field pressure radiated from each elemental
surface vibrating independently on the structure's boundary must then be solved numerically using the
Boundary Element Method.

PRACTICAL IMPLEMENTATION

This section briefly recalls some of the important issues associated with practical implementation. The pres-
sure estimate presented in the previous section is implemented on a real system using a set of accelerometers
mounted on the structure and arrays of digital filters. More precisely, each measured acceleration signal is
passed through a digital filter modeling the associated sensor transfer function. All filter outputs are then
summed to provide the sound pressure estimate. Several arrays of filters can be implemented in order to
provide pressure estimates at different locations.

As explained above, each transfer function represents the far-field radiation into an unbounded medium
from a cylindrical piston source (or monopole) with unit acceleration and located on a cylindrical baffle.
The associated characteristics directly motivate the use of Finite Impulse Response (FIR) filters to model
the sensor transfer function. In particular, no resonance behavior occurs due to the assumption of an
unbounded medium and notches in the transfer functions magnitude associated with zero pressure angles
are easily modeled by appropriate zeros in the filter's impulse response.

Another important issue is related to the time delay of the sensor transfer functions, which is directly
related to the acoustic path propagation time, R/c. As the pressure estimate is only valid in the far field,
this delay can become significant compared to the sampling period of the digital filter, thus increasing its
complexity. It can be shown however that error signals based on far-field pressure at a given location can
be shifted in time without loss of performance of the control system (the time shift is equivalent to moving
the minimization point along a constant radiation angle) [15]. Removing the above time delay yield transfer
functions with a minimum phase delay which significantly reduces the number of FIR filter coefficients
required for accurate modeling.

SYSTEM CHARACTERISTICS AND EXPERIMENTAL SETUP

Testing of the structural acoustic sensor described above was performed on a finite aluminum cylinder. This
section presents the main characteristics of the system, the control and measurement setups implemented in
the experiments as well as the numerical model of the structure.

System characteristics Due to the limited number of accelerometers available for implementing Discrete
Structural Acoustic Sensing, the choice of the cylinder's dimensions and material was made such that the first
few flexural modes of the structure have low modal order in both the axial and circumferential directions.
The cylinder characteristics are given in Table 1. The dimensions were measured -on the actual structure
while the material properties are based on standard values for aluminum. In order to allow structural
vibration measurements over the entire surface of the cylinder as well as acoustic measurements over the
sphere surrounding the structure, the cylinder's attachment to its support stand is designed to allow full
rotation along its main axis. The cylinder is closed at both ends by aluminum end-caps 12.7 mm in thickness.
Each end-cap is attached to the cylinder with a set of 12 small screws equally spaced along the circumference.
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A steel rod 3.18 mm in diameter is threaded into each end-cap and mounted on a nylon ring. The ring is
fixed in a 19.05 mm aluminum section which is bolted to a heavy steel support stand. To allow acoustic
measurements of the baffled structure, two sections of "rigid" PVC pipe are installed on each side of the
cylinder along its main axis. The two pipes extend in length up to the walls of the anechoic chamber. A
picture of the complete rig including the baffle is shown in Figure 2.

All structural vibration inputs, i.e., both Parameter Cylinder Actuators
disturbance and control inputs, are ap. length (mm) 987 38.1
plied through single-sided ,piezo-electric ac- outside diameter / width (mm) 254 69.9
tuators. No curved actuators were available thickness, (mm) 2.36 0.1905
for the experimental testing and flat actu- Young's modulus, (N/m 2) 7.1 x 107 6.1 x 1010
ators (181 were mounted on the cylinder by Poisson ratio, 0.31 0.33
cutting them across their width into a set mass density, (kg/m3) 2700 7750
of cight strips of same dimensions. The d, 1 constant (m/V) - 171 x 10-12

original actuators are 63.5 mm in length hysteretic damping factor, 0.002 0
and 38.1 mm in width, which results in
eight 7.9 mm by 38.1 mm strips. They Table 1: Dimensions and material properties of the cylinder
are mounted on the cylinder's outside sur- and maters.

face side by side with their length along the piW-electric actuators.

cylinder's axis and wired in phase. A gap of approximately 1 mm remains between each actuator strip to
avoid short circuits between the electrodes of two adjacent actuators. The total surface area covered by the
set of eight actuators is 69.9 mm by 38.1 mram. Table I presents the dimensions and material properties of the
piezo-electric actuators. Four sets of the actuator arrangement described above are mounted on the cylinder
according to the center locations given-in Table 2. The disturbance actuator center location serves as the
origin of the circumferential direction, 0 = 00. Its axial location, z/L = -0.328, ensures that all flexural
modes present in the 0-1000 Hz bandwidth are excited. The three other actuator sets are implemented as
control inputs. Their location was determined such as to allow various control configurations.

The discrete structural acoustic sensor implemented on the cylinder uses 12 accelerometers (PCB Piezo-
electric ICP accelerometers - Model 352A10). The point sensors are arranged as 2 rings of 6 accelerometers
equally spaced according to

0.=MA,,,,,..NO 1 A =2rIN# (7

zn,=-L+Az/2+nAz, n=O, 1,...,N, - 1, Az = 2L/N)

where N, = 2 and No = 6 are the number of points along the Actuator z/L . (degrees)
axial and circumferential direction, respectively. Note that the disturbance PZT -0.328 0
accelerometers are aligned with the disturbance actuator such control PZT # 1 0.370 180
that the modes excited by the disturbance input have anti- control PZT # 2 0.220 60
nodes along the circumferential directions aligned with the control PZT # 2 -0.395 250
point sensor locations. As it will be discussed later, the sensor
accuracy is independent of the point sensor circumferential lo- Table 2: Actuators center location.
cations when the number of sensors along the circumferential
direction is greater than the highest circumferential order of the modes present in the bandwidth. When
this condition is not satisfied however, care must be taken so that the point sensors do not coincide with the
nodal lines of a given mode (mode n = 3 in this case). Furthermore, placing the sensors on anti-nodal lines
ensures better signal to noise ratio thus improving the accuracy of the sensor estimate.

Control and measurement setups For all experimental testing, the cylinder is excited through the
disturbance actuator with a band-limited random noise. The sensor accuracy tests are performed over
a 200-630 Hz bandwidth while the control tests use a 200-500 Hz bandwidth. The reduced bandwidth
associated with the control tests ensures that the 2 by 6 sensor yields relatively accurate estimates over the
frequency range. A three channel Filtered-X LMS algorithm [191 is implemented on a Texas Instrument
TMS320C30 digital signal processor (DSP) to provide up to three control signals. The results presented in
this paper correspond to cases where only the first and second control actuators were excited however (see
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A.Ausl 4). ine controller's reference is taken from the signal fed to the disturbance actuator. Most of the
control tests include an artificial delay in the disturbance path so as to improve system causality. A few
cases were also run with a zero delay in order to evaluate the influence of system causality on the control
performance. All control tests use the following settings: the sampling frequency is set to F, = 2000 Hz, the
FIR compensators have 50 coefficients, and the E[R filters modeling the filtered-x path transfer functions have
60 coefficients in both numerator and denominator. All tests use three error signals based on the structural
acoustic sensor and far-field error microphones (B&K 1/2 in microphone, Model 4166), respectively. The
sensor's array of filters is implemented on a second TMS320C30 digital DSP. Note that both controller
and sensing code could be implemented on a single DSP. The three error microphones are located along
6 = 700, 0 = 900, and 6 = 1100, in the 0 = 00 plane at R = 1.85 m while several sets of FIR filters were
designed to provide pressure estimates for various radiation angles. All FIR filters have 22 coefficients with
a sampling frequency, F, = 6000 Hz. The sensor transfer functions are accurately modeled up to about
2500 Hz. This wide bandwidth relative to the actual bandwidth of excitation was found necessary in order
to ensure stability for the control system. Cases where the response of the sensor filters is not constrained
at higher frequencies can lead to unwanted amplification of high frequency content remaining in the system
due to the finite roUl-offs of the low-pass filters.

All tests were conducted in a 4.2 m
by 2.2 m by 4.5 m anechoic chamber at
the Vibration and Acoustics Laboratories
(VAL), Virginia Tech. The chamber has an
approximate cut-off frequency of 250 Hz.
Out-of-plane structural vibrations are mea-
sured with a Politec laser vibrometer (Model
OFV-2600/OFV-501). To allow measure-
ments over the entire radiating surface, the
laser head is mounted on a one-dimensional

- linear traverse driven by a stepper motor
while a second stepper motor mounted on
the end-cap assembly rotates the cylinderI. around its main axis. The structural velocity
measurements use a grid of 13 points along

Figure 2: Cylinder rig inside the anechoic chamber. the axial direction and 18 point along the
circumferential direction. The measurement

point locations are defined by equation (7) with N. = 13 and No = 18. This discretization level proved

to be sufficient to accurately measure the structural response over the frequency bandwidth of excitation.
The sound pressure radiated from the cylinder is measured inside the anechoic chamber with a B&K 1/2 in

4 microphone (Model 4166) mounted on a circular traverse. The traverse microphone is located at a radius of

1.85 m from the center of the cylinder. Due to the legs of the support stand, the traverse can only move in
the x-z plane from 6"- 100 to 8 - 170*. The rotation of the cylinder also allows measurements along the
circumferential direction from - 0* to 0 = 3600. All far-field measurements use a grid of No = 13 points
along the azimuthal direction, 9, and N; = 18 points along the circumferential direction, •.

Numerical simulations In order to study various sensor configurations, numerical simulations were per-
formed prior to the experiments described above. The cylinder structure is modeled under steady-state
harmonic excitation of point forces and piezo-electric actuators with a variational approach implementing
the Rayleigh-Ritz formulation [151. In this model, the mechanical displacements and electrical fields within
the piezo-electric actuators are fully coupled thus including the mass and stiffness loading of the actuators.
This energy based formulation also allows modeling of arbitrary boundary conditions applied along the edges
of the cylinder. The reader is referred to [15] for a complete description of the model. The optimal control
voltage to each actuator is computed using standard Linear Quadratic Optimal Control theory, where the
cost function to be minimized is a quadratic function of tljecontrol voltage amplitudes.
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Table 3 presents the natural frequencies of the first few modes of the mode modeled measured
cylinder as obtained from the numerical model and experimental modal (i, n) (Hz) (Hz)
analysis, respectively. Examination of the associated mode shapes re- (1,2) 240.8 241.2
veals the structure's attachment creates approximately simply-supported (1, 2)* 241.0 244.2
boundary conditions. The first modal index, m, is associAted with the (1,3) 304.9 302.9
axial direction, and the second index, n, with the circumferential direc- (1, 3)* 305.5 303.1
tion. Note that each mode of vibration is associated with two distinct (2,3) 498.8 497.0
natural frequencies and mode shapes rotated along the circumferential (2, 3)* 499.2 500.3
-direction by ir/(2n) relative to one another. This behavior is expected (1,4) 547.6 540.6
due to the asymmetry introduced by the added mass and stiffness of the (1,4)* 547.8 541.1
piezo-electric actuators. Disregarding the mismatch of mode (1, 1), good (1, 1) 565.3 708.0
agreement between numerical and experimental natural frequencies can (1, 1)* 565.5 -

be observed. Including the circumferential dependence of the stiffness (2,4) 609.1 601.7
factors used to model the boundary conditions would possibly improve (2, 4)* 609.2 604.6
the match especially for the (1, 1) "beam" mode. Table 3: Comparison of the nu-

merical and experimental natural
frequencies.

SENSOR ACCURACY

This section presents successively analytical and experimental results showing the accuracy of the structural
acoustic sensor. The sensor estimate is compared to the actual sound pressure radiated in the far field over
the 200-680 Hz bandwidth.

Analytical results Figure 3 shows the
magnitude of the far-field radiated pressure
in direction (9 = 70*, 4 = 2400) (solid line) (so).

along with the sensor estimate based on the (2,3) (1,4)

piston approximation and two different point 40,

sensor configurations. The dashed line corre- .2)

sponds to a 8 by 7 sensor, i.e., the acceleration 30- (1,3)

measurement points are located according to ,

equation (7) with N. = 8 and N# = 7, and • 20

the dotted line to a 2 by 12 sensor. Recalling .
the natural frequencies given in Table 3, the 10o
resonance peaks correspond, as frequency -

increases, to modes (1,2), (1,3), (2,3), (1,4), -

(1, 1) and (2,4) where the first and second a,-

index refers to the axial and circumferential -10 1 t.8.N..7
order, respectively. As seen on the plot, the _,._._S,._ __

8 by 7 sensor yields excellent accuracy at the A0 250 3o0 35*0 400 450 500 550 600 650

resonance frequency of all modes included in rm•emy (Hz)

the bandwidth except for modes (1,4) and Figure 3: Actual and estimated far-field pressure in direc-
(2,4) where large errors can be observed. tion (700,2400).
Considering the 2 by 12 sensor, excellent
accuracy is obtained at the resonance frequency of all modes except for a small error near resonance of
modes (2,3) and (2,4). These results illustrate two fundamental properties of the sensor estimate for
cylindrical geometries.

Analogous to the case of planar radiators, the far-field radiated pressure in equation (3) can be expressed
in terms of the two-dimensional wave-number transform of the structural out-of-plane acceleration [15].
The wave-number transform along the circumferential direction maps a periodic spatial distribution with
period 27r into two sets of wave-number components (or Fourier coefficients) defined over a discrete set of
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wave-numbers, n = 0, 1,... , +oo, while the transform along the axial direction maps a finite length axial
distribution into a wave-number distribution extending from -oo to +oo. Now considering a sensor based
on the monopole approximation and a set of equally spaced measurement points, the resulting estimate can
be expressed in terms of the associated discrete wave-number transforms as [151

--R+0 n+1 --

pd (R,,to ) ,R {- t,. (k cos 8) cos(n4) + wdn (k cos 0) sin(nO) (8)pal(R,#,#5) =•ksinS = Hn2)' (ka sin 0)

where (W+L,n(") = t, Vm-t'#'- / l.-',)

Wd. N *-1 wdI Om, f)COS( and d t) Az E Th(oZm 2 )ejT Z'" (9)
Wdn(-Y) VA- F " tWi(i,'ni, -) sin(noim) 2=C. MI --0t• M----0

Note that the actual radiated pressure is obtained by replacing Wiid,n(d) and t*,n(-t) in equation (8) by their
continuous equivalent

Wen~~ of)Z+' fc,2 tD0, z) cos(no)e-"'z dok dz (0"_) + ' 2 (10){ W•,(7) =- #-f: f" +tD(0, z) sin(nfq)e&" do dz

The pressure radiated in the far field at a particular angle is associated with a single axial wave-number
component, k cos(9), within the supersonic region, [-k, +k], and an infinite number of circumferential wave-
numbers, n = 0, 1,... , +oo. In practice, the infinite summation can be truncated based on the highest order
of the circumferential modes included in the response and the range of the non-dimensional parameter, ka,"as the magnitude of the Hankel derivative tends towards infinity as n increases.

From equation (9), the accuracy of the sensor estimate is dictated by the levels of aliasing occurring in
the axial and circumferential discrete wave-number transforms. The number of point measurements along
the axial direction, N,, should be such that the Nyquist axial wave-number, K./2 = N.7r/(2L), remains
above the main axial wave-number components of the acceleration distribution. Likewise, the circumferential
Nyquist wave-number, K./2 = N#/2, should be greater than the highest circumferential order of the modes
found in the structural response. This requirement is a direct consequence of the sampling theorem commonly
applied to the sampling of time domain signals. It should be pointed out that unlike the axial wave-number
transform which extends up to infinity regardless of the spatial distribution due to the finite cylinder length,
the circumferential wave-number transform only contains the components associated with modes found in
the distribution. Therefore, while the axial discrete wave-number transform always result in some level of
aliasing, the discrete circumferential wave-number transform will yield no aliasing, i.e., perfect estimates,
provided all components above the Nyquist wave-number have zero amplitude. In addition, all or part of the
wave-number components associated with circumferential wave-numbers above the Nyquist wave-number
will yield large errors due to the periodicity of the discrete wave-number transform. Thus, the Nyquist
circumferential wave-number should be high enough such that errors associated with higher wave-numbers
are canceled by the large magnitude of the Hankel derivative term. Finally, it can be shown that the
circumferential wave-number component estimate is independent of the origin of the point sensors locations
along 0 provided the number of measurement points satisfies the sampling theorem along this direction.
Note that similar trends are expected for the piston approximation.

Returning to Figure 3, the axial wave-number transform on resonance features a main peak around
-7 = mir/(2L) where m is the axial modal index. Consequently, the number of measurement points along the
axial direction should be greater than the modal index of the mode dominating the response, i.e., N. > m.
Similarly, the number of point measurements along the circumferential direction should be greater than twice
the modal index of the associated mode, i.e., N# > 2n. Cases where at least one of the above conditions is
not satisfied yield aliasing errors as shown in Figure 3. At off-resonance frequencies, the response includes
higher order modes which deteriorate the accuracy of the estimate. Note that the discretization level is the
critical parameter affecting the sensor estimate. In other words, good sensor accuracy is ensured over the
entire radiating field as long as the number of measurement points is high enough relative to the dominant
modes of the response. Finally, it should be mentioned that the above results assume perfect modeling of the
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ngth axial
sor based sensor transfer functions. However, due to the relative simple characteristics of the sensor transfer functions,
'mate can excellent modeling accuracy can be achieved with only a few FIR coefficients.

Experimental results This section briefly presents the accuracy of the sensor which is implemented
experimentally on the cylinder. The cylinder is excited through the disturbance piezo-electric actuator with

(8) a band-limited random noise over 200-630 Hz. As true far-field conditions do not exist in the anechoic
chamber especially at low frequencies due its limited size relative to the dimensions of the cylinder and
the acoustic wave-length within the frequency bandwidth of excitation, the pressure radiated in the far
field is "reconstructed" from the laser out-of-plane velocity measurements. Analogous to the real time
pressure estimate implemented in the sensor, the pressure field is computed off-line from the structural laser

(9) measurements and the associated Green's function replacing the continuous integral in equation (3) by its
discrete approximation (151. The magnitude of the reconstructed pressure at angle (76.80, 00) is compared to

their the associate sensor estimate in Figure 4. Recalling the system's natural frequencies presented in Table 3, five
fiexural modes have their natural frequencies within the 200-630 Hz bandwidth. With increasing frequency,
the five main resonance peaks noticed on the plot correspond to modes (1, 2), (1, 3), (2, 3), (1, 4), and (2, 4),
respectively. Notice that the response also exhibits small contribution from "double" modes (1, 2)*, (2, 3)*,

(10) and (2,4)*.
Examining the sensor output (dotted

ber line), the pressure estimate' shows good (1.4)
accuracy around the resonance frequency r i...j.. c - , (proem*accuracyw
of the (1,2) mode. A small variation of
about 2 dB is observed at the resonance so (M3)M

frequency of mode (1,3). The reconstructed E (13)

pressure is also relatively well estimated at L 40

off-resonance frequencies around the (1,2) ,V 3o-
mode. The sensor accuracy then deteriorates
as the frequency increases. A 6 dB variation 20.

between reconstructed and estimated pressure .. ..

is noticed at the resonance frequency of mode jE1o

(2,3) while the estimated pressure at the o0
resonance frequencies of the last two modes
in the bandwidth (modes (1,4) and (2,4)) is -10.
off by more than 20 dB.

The above tendencies confirm the analyt- "WO 2 0 _ 3W0 400 4W 500 55 600 6O

ical results discussed in the previous section roas-w (H)

and agree well with the properties of the sen- Figure 4: Reconstructed and estimated far-field pressure in
sor estimate. As mentioned earlier, N.. = 2 direction (76.80, 00).
measurement points along the axial direction
yield good estimates for modes of axial order 1 or less. In the circumferential direction, N# = 6 measure-
ment points ensure accurate estimates of modes up to n = 2. That is to say, spatial distributions that are
dominated by modes with axial and circumferential order larger than one and two, respectively, do not yield
accurate pressure estimates.

RADIATION CONTROL

The following two sections discuss the analytical and experimental control results. In both cases, the cylinder
is under broadband excitation through the disturbance actudtor. In order to evaluate the performance of the
structural acoustic sensor, results compare its control performances to those obtained with error microphones
located in the far field. Note that the following analysis focuses on the influence of the "error" information
on the control performances. In particular, the system is not optimized in terms of control input and/or
error measurement locations to achieve the best possible attenuation in radiated power over the frequency
bandwidth of excitation.
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Analytical results This section presents two control cases based on the minimization of the estimated
and actual radiated pressure in directions (700, 00), (110', 400), (900, 1600), (700, 2400), and (110*, 3200).
These five radiation angles, (0, 0), were chosen such as to obtain good global sound attenuation, i.e., none of
the modes included in the frequency bandwidth have radiation nodal lines along all five angles. Both cases
use the same control input configuration: the actuators locations are those given in Table 2 except for the
circumferential angle of the third control actuator which was set to 4' = 2250. All three control actuators are
included in the following results. Note that this configuration yields an over-determined system such that
the optimal control amplitudes are solved in the least square sense. The cost function thus does not include
the control effort usually required to condition the solution of under-determined systems [19].

Figure 5 shows the radiated sound power
S .1) before control (solid line) and after control

based on the two cost functions. The dashed
line corresponds to the minimization of the

3 ,0 (2•) five pressure estimates using a 3 by 9 struc-
(1,4) tural acoustic sensor (NA = 3, NO = 9) while

S(1,4) (Z) ,the dotted line corresponds to the minimiza-
( so- tion of the actual radiated pressure in the

40 same directions. As seen on the controlled
40 -,response, both sensing approaches yield very

. . , . close control performances. The radiated

E 30 - sound power is attenuated over the entire
I bandwidth with very small control spillover.

20 BOWS onrl The total attenuation across the bandwidth
Afterconol.3 by9 is 20.3 dB for the structural acoustic sensor

I Inr I and 18.6 dB for the error microphones. These
25'0 oo 350 400 450 500 50 6'00 650 results are expected since the discretization

Frequency (H) level of the sensor ensures reduced aliasing

Figure 5: Radiated sound power - Minimization of pres- errors for acceleration distributions including
sure estimate in directions (700, 00), (1100, 400), (900, 1600), modes with axial and circumferential orders
(700, 240°), and (1100, 3200). up to 2 and 4, respectively. In other words,

all modes included in the bandwidth yield
accurate pressure estimates. Note that minimizing the actual radiated pressure yields a slight decrease in
overall sound attenuation thus suggesting the small errors introduced in the pressure estimates result in a
slightly more global error information. These results show that the structural acoustic sensor implemented
in this case can effectively replace the error.microphones. Comparatively, a reduced number of acceleration
measurement points would increase aliasing errors in the sensor estimate and in turn reduce the global
sound attenuation levels.

It should be mentioned that the above results are based on an optimal control solution in the frequency
domain which presents a number of limitations when used to predict the performance of a real time domain
control system under broadband frequency disturbances. Specifically, the optimal control transfer functions
are not constrained to yield realizable FIR filters. This often leads to over-estimating the controller per-
formance and, in some cases, to control spillover not observed experimentally due to the finite number of
coefficients in the control compensator among other factors. Consequently, the analytical results presented
above do not accurately model the performance of the control system investigated experimentally. However,
they still provide insight into the control performance of Discrete Structural Acoustic Sensing compared to
other sensing approaches.

Experimental results This section discusses some of the control results obtained experimentally on the
system described previously. The first two cases use the 2 by 6 structural acoustic sensor to provide error
signals associated with pressure estimates in three directions. A third case uses three error microphones
located along the same directions for comparison purpose. All three cases use the first two control actuators,
leaving the third actuator unexcited. The radiated sound power presented below is estimated from the
traverse microphone measurements over the sphere surrounding the cylinder.
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The first control case corresponds to the minimization of the three sensor outputs associated with pressure
estimates in directions (76.8', 3400), (63.5°, 00), and (103.2°, 0°), respectively. Figure 6 shows the radiated
sound power before and after control. The dashed line corresponds to the standard configuration where a 20
sample delay is included in the disturbance path. The d9tted line corresponds to an additional case based
on the same control and error configuration with no delay included in the disturbance path. In both cases,
the radiated sound power is attenuated by 20 dB or more near all resonance frequencies of the uncontrolled
response. Small increases in sound power can be observed at off-resonance frequencies. Note that the dotted
line associated with a possible acausal system does not show significant loss in performance compared to the
dashed line. In other words, system causality does not appear to be a critical factor in this case. Due to
the small levels of damping present in the system, the response is largely dominated by the five resonance
frequencies of the modes included in the bandwidth. It is therefore highly predictable allowing control
regardless of the system's causality. The total reduction level in radiated sound power achieved across the
frequency bandwidth of excitation is 15.4 dB with the 20 sample delay and 15.0 dB with no delay. Note
that the three directions of minimiz ation ensure good global control, i.e., no spillover is observed on the
radiated sound power of the controlled response. In other words, the controller is forced to attenuate the
amplitude of all modes in order to minimize all three error signals. Modal reduction is therefore the main
control mechanism involved in this case.

The second control case based on the 70

structural acoustic sensor uses three pressure
estimates in directions (700,0*), (900,00), 8. ((2.3)
and (110*,0*). These three directions of
minimization correspond to the locations of s
the error microphones implemented in the :
next control case. Figure 7(a) shows the ra- (1.4)

diated sound power before and after control. d (2.4)
Excellent attenuation levels "can be observed
near resonance of modes (1,2), (1,3), (2,3) 304 .- ..' - -

and (2,4) while significant control spillover 4.

is noticed near resonance of modes (1,2)* 1 20"

and (1, 4)*. The total attenuation in radiated A _

sound power is 5.9 dB. In this case, all 10 - BefSoein
directions of minimization are in the 0 = 0°- - ARK cMtol (20 anie delay)

..... Ate conftr (no delay)
plane which coincides with radiation nodal 0_
line of modes (1,2)*, (1,4)* and (2,4)*. In 250 300 350 40 45o 500 $50 600

Frequeny (Hz)

other words these modes are not well observed
by the three error signals. This explains the Figure 6: Radiated sound power - Minimization of pres-
increase in radiated sound power noticed near sure estimates in directions (76.80, 3400), (63.50, 00), and
resonance of mode (1, 2)* and (1, 4)*: rather (103.20, 00).
than canceling the associated modal amplitudes, the controller recombines the modal amplitudes of the
"double" modes and rotates the acceleration distribution such that the resulting nodal lines are aligned
with the minimization angles. This modal restructuring mechanism is illustrated in Figure 7(b) where the
out-of-plane velocity distribution measured by the laser vibrometer is shown before and after control at
541 Hz, i.e., near resonance of mode (1, 4). The acceleration distribution after control is clearly rotated.
Note that modal restructuring does not occur near resonance of mode (1, 3) and (2, 3). The first two control
actuators are aligned with the anti-nodal lines of the associated "double" modes (1, 3)* and (2, 3)* therefore
preventing their excitation. It should be pointed out that the previous case does not allow the above modal
restructuring as the error signals do not correspond to pressure estimates along circumferential angles
multiple of 45*, i.e., one error signal at least observes the "double" modes thereby forcing the controller
to reduce the associated vibrations. These results therefore confirm the relatively good accuracy of the
structural acoustic sensor implemented on the cylinder. Despite the small level of discretization (N. = 2,
No•= 6) which only provides accurate estimates near resonance of mode (1, 2), the sensor still yields
error information somewhat related to the radiated sound pressure at higher frequencies. This is further
illustrated by comparing these results with the next control case based on far-field error microphones.
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(a) Radiated sound power. (b) Out-of-plane velocity distribution at 541 Hz.

Figure 7: Minimization of pressure estimates in directions (700, 00), (900, 00), and (1100, 00).

70 The third control case replaces the out-
(1.2) puts of the structural acoustic sensor by

three error microphones located in the far
field. To facilitate the comparison of the

2two sensing approaches, this case uses the
so same control configuration as previously. In

6(1.4) particular, the three error microphones are
ý 4 -(Z,4), located along the same directions of pressure

estimates implemented in the previous case.
-The radiated sound power estimated from

Sthe traverse microphone measurements is

20) presensud oer b)Ot--paed before adsfteributonatro 54n Fiur.

As for the case of pressure estimates (see Fig-

* ~ -.*: resethed beforead ate control ineelae FigueS.ut

Sure 7(a)), excellent global sound attenuation10. .... F• is achieved near resonance of modes (1, 2),

_____1_______1____________ (1,3) and (2,3). Modal reduction occurs
250 300 350 400 450 SO0 550 800 at these frequencies therefore canceling the

SHzsound pressure radiated over the entire field.
Figure 8: Radiated sound power - Minimization of pressure Similarly, the sound power near resonance
at error microphones in directions (70,t0a), (900,00), and of mode (1, 2)* increases as in the previous
(1100,00). control case based on the structural acoustic

s ensor. Again, this mode has a radiation
nodal line along 00 and thus remains unobserved by any 6f the three error microphones. Note that
the control spillover at this frequency is larger than in the previous control case. As a result, thie total
sound radiated power across the frequency bandwidth of excitation increases by 0.7 dB. Similar behavior
can be observed near resonance of modes (1,4)* and (2,4)*. This case clearly illustrate the importance
of the control actuator and error sensor configurations. In particular, global sound attenuation for lightly
damped cylindrical radiators can only be achieved through modal reduction. As a final remark, it should
be mentioned that the controlled response based on pressure estimates in the same three directions and the
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same two control actuators exhibits very similar trends as the ones obtained with error microphones. In
particular, the structural acoustic sensor yields nearly the same response near resonance of modes (1, 2) and
(1, 2)* which confirms the accuracy of the pressure estimates at these frequencies.

CONCLUSIONS

Broadband radiation control from a finite cylinder has been demonstrated both analytically and experimen-
tally. The ASAC system implements a multi-channel Filtered-x LMS control algorithm. Structural control
inputs are applied through piezo-electric actuators while error information is provided by a discrete struc-
tural acoustic sensor. Results show attenuation in total radiated sound power of up to 15 dB is achieved
across a frequency bandwidth encompassing the first five flexural modes of the cylinder.

These results also validate the extension of Discrete Structural Acoustic Sensing to baffled cylindrical
geometries. In this technique, the sensor constructs real time estimates of the pressure radiated in the far
field at prescribed angles from discrete structural acceleration measurements and associated signal processing.
Sensor accuracy and comparisons of control performances based on Discrete Structural Acoustic Sensing and
the use of far-field error microphones, respectively, demonstrate the ability of the structural acoustic sensor
to replace direct far-field pressure measurements. In particular, the analytical results showed that minimizing
a cost function based on sensor estimates yields similar control performance to that obtained with a cost
function based on actual far-field pressure, provided accuracy is ensured for the sensor. The experimental
results on broadband radiation control confirms this result. Similar control performances are obtained for
both types of error information. Examination of the system's response at single frequencies within the
bandwidth of excitation also reveals the controller behaves similarly in each case. This includes frequencies
where modal restructuring is the main control mechanism which confirms the ability of the sensor to provide
accurate radiation information.

The accuracy of the sensor estimate over a given frequency bandwidth is primarily related to the number
of structural measurements implemented in the sensor. In particular, for equally spaced measurement points,
accuracy of the sensor estimates is ensured provided the following two conditions are satisfied. First, the
number of measurement points along the cylinder main axis should be such that the associated Nyquist wave-
number (half the spatial sampling frequency) is located on the wave-number axis above the main content
of the wave-number transform of the structural out-of-plane motion along this axis. In terms of simply-
supported mode shapes, this first requirement is satisfied if the number of measurement points along the
main axis is greater than the highest order along the same axis of the modes which dominate the response.
Second, the number of measurement points along the circumferential direction of the cylinder should be
greater than twice the order of the highest circumferential order of the modes dominating the response.
These conditions define the frequency bandwidth of accuracy for the structural acoustic sensor.

More generally, the design and implementation of the sensor do not require precise knowledge of the
vibration characteristics of the structure. While some knowledge of the structural velocity distributions
allows for predicting the accuracy of the pressure estimate and the appropriate discretization level, the sensor
transfer functions strictly depend on the geometry of the structure and the surrounding fluid properties.
This differs from a number of alternative structural sensing techniques whose design and implementation
is directly based on dynamic properties of the structure, such as mode shapes. In comparison, Discrete
Structural Acoustic Sensing .provides a more robust error information. The modeling of the sensor transfer
functions involves simple Finite Impulse Response (FIR) filters. This type of filter is well suited to represent
the radiation of monopole and piston sources into an unbounded medium. In particular, the sensor transfer
functions do not feature resonances, which would otherwise require the use of the more complex Infinite
Impulse Response (IIR) filter model. Finally, when implemented in a far-field radiation control system, the
time delay associated with the acoustic path can be removed from the sensor transfer functions without
affecting the controller performance. This property greatly simplifies the sensor digital filters by reducing
the number of coefficients required for accurate modeling of the sensor transfer functions. The sensor DSP
implementation then becomes very efficient in terms of computations, allowing higher sampling frequencies
or the combination of the sensor and controller code on a single DSP.
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SUMMARY

In this paper, analytical and experimental results of an investigation of active control of sound

radiated from cylinders are presented. The aluminum cylinder is 1 m in length, 25 cm in

diameter and 2.4 mm in thickness with two rigid end-caps at both ends. The excitation is a

band-limited random noise encompassing the first five modes of the cylinder and the control

actuators are surface mounted piezoelectric transducers. Since it is desired to integrate

the error sensors into the structure, the recently developed Discrete Structural Acoustic

Sensing (DSAS) approach is extended to cylindrical coordinates and implemented using 12

accelerometers mounted on the cylinder. The structural acoustic sensor provides time domain

estimates of far-field radiated sound at predetermined radiation angles. The controller is a

3 by 3 Filtered-x LMS paradigm implemented on a TMS320C30 DSP. The results show

good global control of the radiated sound over the frequency bandwidth of excitation. Most

important, the proposed discrete structural acoustic sensor yields similar performances as

error microphones located in the far field. The sensor is also shown to improve far-field

attenuation over minimization of normal acceleration at discrete locations on the cylinder

structure. [Work supported by the Office of Naval Research]
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1 INTRODUCTION

Much research has been conducted in the active control of low-frequency structure-borne

sound. When compared to passive methods, active control presents significant advantages in

the low-frequency range where passive control becomes often impractical due to prohibitive

volume and/or mass requirements. For the past decade, Active Structural Acoustic Control

(ASAC) has received much attention as it presents a practical alternative to the control of

low-frequency structurally radiated noise [1,2]. In this technique, the radiated sound pressure

is attenuated by applying mechanical inputs directly to the structure rather than by exciting

the surrounding medium with acoustic sources (Active Noise Control). Piezoelectric devices

have been applied extensively to Active Structural Acoustic Control systems as structural

actuators [3-51 thus yielding a compact or "smart" structure. In an attempt to further reduce

the size of the overall control arrangement, the microphones traditionally located in the far

field to provide radiation error information are also being replaced by structural sensors such

that all transducers are integrated in the structure.

As most ASAC applications involve noise control below the coincidence frequency of

the radiating structure, appropriate structural sensors for ASAC should only observe the

radiating part of the structural vibrations. This gives more flexibility to the controller which

in some situations modifies the structural vibrations such as to attenuate far-field radiation

with no net reduction in the overall vibration levels. Sound attenuation in the far field can

then be achieved with a reduced control authority compared to cases where all structural

motion is canceled (Active Vibration Control) [6].

With the emergence of polyvinylidene fluoride (PVDF) as a sensor material, several struc-

tural sensors for ASAC have been proposed to observe the radiating part of the structural

vibrations. Most of these sensing techniques are based on modal sensing [7]: the sensor

effectively observes a specific set of modes of vibration (natural or radiation modes of the un-

controlled response) which couples well to far-field radiation [8-11]. An accurate knowledge

of the structure's dynamic properties is therefore required. Recently, an alternative sensing

technique referred to as Discrete Structural Acoustic Sensing (DSAS) was demonstrated both

analytically [12, 13] and experimentally [14, 15] on baffled planar radiators. The technique

implements an array of structural point sensors whose outputs are passed through digital

4



FIR filters to estimate in real time the far-field radiated pressure in a given direction, or

equivalently, a given wave-number component, over a broad frequency range. It uses the

relation between the structural out-of-plane vibrations and the far-field sound pressure as

defined by the Helmholtz integral. One of the significant advantages of this strategy lies in

its low modeling requirements compared to modal sensing approaches. In particular, the

sensor design does not require the knowledge of the structural mode shapes and thus remains

largely independent of the boundary conditions. Consequently, it is particularly well adapted

for feedforward control approaches commonly used in ASAC systems where no analytical

system modeling is necessary. It also provides time domain information which is required by

the Filtered-x LMS algorithm commonly used in feedforward control. This paper presents

analytical and experimental results on the extension of Discrete Structural Acoustic Sensing

to baffled cylindrical radiators.

Most of the work on ASAC systems deals with planar geometries or systems than can

be decomposed in a set of planar radiators and few reports of experiments on cylindrical

structures can be found iri the literature. Ruckman and Fuller [161 reported numerical simu-

lations of ASAC applied to a finite cylinder system. Previous work by Clark and Fuller [17i

studied experimentally the harmonic control of sound radiation from a finite enclosed cylin-

der using PVDF error sensors and piezoelectric actuators. Results showed the PVDF sensor

was effective in observing the longitudinal extensional waves of the cylinder ("accordion"

modes) and thus, good sound attenuation was obtained for this type of excitation. However,

very little attenuation was achieved for radial excitations (normal bending modes) due to the

relatively high modal density of the cylinder. The present study extends the above work by

considering broadband radiation control over the first five bending modes of the structure.

After briefly introducing the theoretical formulation, analytical and experimental results are

presented. In both cases, the discrete structural acoustic sensor is first studied in terms of its

accuracy to predict radiated pressure. Broadband radiation control results are then discussed

by comparing the performances of the sensor to those of error microphones located in the far

field.
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2 THEORETICAL BASIS

This section presents the analytical formulation of Discrete Structural Acoustic Sensing. A

relation between discrete structural acceleration and far-field pressure estimate is derived for

the case of baffled cylindrical geometries.

2.1 FAR-FIELD SOUND PRESSURE

For the general case of arbitrary geometries, the sound pressure radiated from a vibrating

structure into an unbounded medium can be expressed using the Kirchhoff-Helmholtz integral

formulation [18]. Assuming a harmonic solution for the pressure, p(r)e0"t, where W is the

angular frequency, this is expressed as

p(r) = JI•o PG(rjro)i(ro) + P(ro)y-(rlro) dS(ro), r E V (1)

In the above equation, So denotes the radiating surface and V the surrounding volume. The

sound pressure p(r) at field point r is expressed as a surface integral involving the out-of-plane

structural acceleration, @(ro), measured at location ro on the radiating surface, the surface

pressure p(ro), the Green's function, G(rlro), and its normal gradient (aG/O270 represents the

component of the gradient of G along the unit vector 7 normal to So), and the fluid density,

p. Note that this formulation assumes the radiator has solid boundaries such that the fluid

velocity on the boundary is equal to the structural out-of-plane velocity. The normal pressure

gradient then becomes equal to pti)(ro). Discrete Structural Acoustic Sensing is based on the

existence of a Green's function satisfying the Neumann boundary condition,

a--(rlro) = 0, r E So

such that the radiated pressure field becomes solely dependent on the structural acceleration

and geometry.

For baffled cylindrical geometries (see Figure 1), a closed-form solution exists for the

Green's function verifying equation (2). The radiated pressure is then expressed in the
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cylindrical coordinate system (R, 0, 0) as

p(R,9) - p j j+L G(R, , Ir = a, 0', z')iD(q(', z')a dq 'dz' (3)

The Green's function in equation (3) can be obtained from the radiated pressure due to a point

acceleration distribution located on an infinite cylindrical baffle. The resulting expression is

approximated in the far field as [181

G(R, 9, 1 .a, 0., zo).- exp [-3k(R - zo cos 9)] cn+1 cos (n(0 - ¢o)] (4)
ir2akR si CnO Hn2 )' (ka sin 9)n=0

where n- 2 for n = 0 and En = 1 for n > 0 (n integer). The function H(2)'(x) denotes

the first derivative of the nth Hankel function of the second kind [19]. Here n represents the

circumferential modal order. The acoustic wave-number is denoted as k = w/c where c is the

speed of sound. The various coordinates and dimensions involved in equation (4) are shown

in Figure 1.

2.2 SENSOR ESTIMATE

An estimate of the radiated pressure in equation (3) is now constructed. The integral over

the radiating surface So is approximated using a Q point zero-order interpolation of the

acceleration distribution [15], i.e., the acceleration is assumed constant over Q small elemental

surfaces, Sq, q = 1,2,... ,Q, such that S = UQ__Sq. The resulting pressure estimate takes

the general form

Q
pd(R, 9, q, t) = @ il(¢q, Zq, t)Hq(R, ,¢ ) (5)

q=1

where (Oq, zq) represents the coordinates of the qth node, and Hq(R,9, 0), the associated

sensor transfer function. Defining Sq = aAzqA~q as the qth elemental surface aligned with

the axial and circumferential directions such that its center coincides with (¢q, Zq), the sensor
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transfer functions can be expressed as

Hq(R,9,¢) = P G(R,0, 0a, OqZq)ado dz (6)
./q z-Azq/2 0 q-A~q/2

The transfer function Hq(R, 9, 0) can be interpreted physically as the sound pressure ra-

diated at (R, 0, ¢) from the qth elemental surface vibrating along the normal to its center

(Oq, Zq) with a unit acceleration. In other words, the pressure estimate is constructed by

summing the radiation contribution of Q cylindrical pistons weighted by the measured accel-

eration amplitudes. It is thus referred to as the piston approximation. Assuming the Green's

function remains almost constant over each surface S., the transfer function in equation (6)

can be replaced by paAzqA4qG(R, 9, 01a, O'q, zq). In this case, the far-field pressure is esti-

mated from the contribution of Q monopole sources (monopole approximation). As expected,

both approximations become equivalent as k max(Azq, A~q) < 1.

It should be stressed that the sensor transfer functions solely depend on the geometry of

the problem and the properties of the fluid medium. No accurate knowledge of the structure's

dynamics (e.g., natural mode shapes) is thus required for their design. Note however that

some information is still needed in order to determine an appropriate discretization level for

accurate estimates. Furthermore, the sensing approach can be extended to geometries for

which no Green's function is available analytically. The far-field pressure radiated from each

elemental surface vibrating independently on the structure's boundary must then be solved

numerically using a technique such as the Boundary Element Method [201.

3 PRACTICAL IMPLEMENTATION

This section briefly recalls some of the important issues associated with the practical imple-

mentation of Discrete Structural Acoustic Sensing. The pressure estimate presented in the

previous section is implemented on a real system using a set of accelerometers mounted on

the structure and arrays of digital filters. More precisely, each measured acceleration signal

is passed through a digital filter modeling the associated sensor transfer function. All filter

outputs are then summed to provide the sound pressure estimate. Several arrays of filters
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can be implemented in order to provide pressure estimates at different locations. This ar-

rangement is shown in Figure 2 along with a schematic of the controller based on the three

channel Filtered-x LMS algorithm.

As explained above, each transfer function represents the far-field radiation into an un-

bounded medium from a cylindrical piston source (or monopole) with unit acceleration and

located on a cylindrical baffle. The associated characteristics directly motivate the use of

Finite Impulse Response (FIR) filters to model the sensor transfer functions. In particular,

no resonance behavior occurs due to the assumption of an unbounded medium at infinity and

notches in the transfer functions magnitude associated with zero pressure angles are easily

modeled by appropriate'zeros in the filter's impulse response.

Another important issue is related to the time delay of the sensor transfer functions, which

is directly related to the acoustic path propagation time, R/c. As the pressure estimate is

only valid in the far field, this delay can become significant compared to the sampling period

of the digital filter, thus increasing its complexity. The authors have shown in previous work

however that error signals based on far-field pressure at a given location can be shifted in time

without loss of performance of the control system (the time shift is equivalent to moving the

minimization point along a constant radiation angle) [15]. Removing the above time delay

yields transfer functions with a minimum phase delay which significantly reduces the number

of FIR filter coefficients required for accurate modeling.

4 SYSTEM CHARACTERISTICS AND EXPERIMENTAL SETUP

Testing of the structural acoustic sensor described above was performed on a finite alu-

minum cylinder. This section presents the main characteristics of the system, the control

and measurement setups implemented in the experiments as well as the numerical model of

the structure.
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4.1 SYSTEM CHARACTERISTICS

Due to a limited number of accelerometers available for implementing Discrete Structural

Acoustic Sensing, the choice of the cylinder's dimensions and material was made such that

the first few flexural modes of the structure have low modal order in both the axial and

circumferential directions. The cylinder characteristics are given in Table 1. The dimensions

were measured on the actual structure while the material properties are based on standard

values for aluminum. In order to allow structural vibration measurements over the entire

surface of the cylinder as well as acoustic measurements over the sphere surrounding the

structure, the cylinder's attachment to its support stand is designed to allow full rotation

along its main axis. The cylinder is closed at both ends by aluminum end-caps 12.7 mm in

thickness. Each end-cap is attached to the cylinder with a set of 12 small screws equally

spaced along the circumference. A steel rod 3.18 mm in diameter is threaded into each end-

cap and mounted on a nylon ring. The ring is fixed in a 19.1 mm aluminum section which

is bolted to a heavy steel support stand. To allow acoustic measurements of the baffled

structure, two sections of "rigid" PVC pipe are installed on each side of the cylinder along

its main axis. The two pipes extend in length up to the walls of the anechoic chamber. A

picture of the complete rig including the baffle is shown in Figure 3.

All structural vibration inputs, i.e., both disturbance and control inputs, are applied

through single-sided piezoelectric actuators. No curved actuators were available for the ex-

perimental testing and flat actuators. [211 were mounted on the cylinder by cutting them

across their width into a set of eight strips of same dimensions. The original actuators are

63.5 mm in length and 38.1 mm in width, which results in eight 7.9 mm by 38.1 mm strips.

They are mounted on the cylinder's outside surface side by side with their length along the

cylinder's axis and wired in phase. A gap of approximately 1 mm remains between each

actuator strip to avoid short circuits between the electrodes of two adjacent actuators. The

total surface area covered by the set of eight actuators is 69.9 mm by 38.1 mm. Table 1

presents the dimensions and material properties of the piezoelectric actuators. Four sets

of the actuator arrangement described above are mounted on the cylinder according to the

center locations given in Table 2. The disturbance actuator center location serves as the

origin of the circumferential direction, 0 '. Its axial location, z/L = -0.328, ensures
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that all flexural modes present in the 0-1000 Hz bandwidth are excited. The three other

actuator sets are implemented as control inputs. Their location was determined in order to

allow various control test configurations of interest.

The discrete structural acoustic sensor implemented on the cylinder uses 12 accelerometers

(PCB Piezo-electric ICP accelerometers - Model 352A10). The point sensors are arranged as

2 rings of 6 accelerometers equally spaced according to

0¢q•=q€, ql~ q= ,01 1,..., tQ - 1, ,,A0= 27rQ(7)
zq2 =-L + Az/2 + q2Az, q2--0,1,... ,Qz-1, Az =2L/Qz

where Q, = 2 and Q0 = 6 are the number of points along the axial and circumferential di-

rection, respectively. Note that the accelerometers are aligned with the disturbance actuator

such that the modes excited by the disturbance input have anti-nodes along the circumfer-

ential directions aligned with the point sensor locations. As it will be discussed later, the

sensor accuracy is independent of the point sensor circumferential locations when the number

of sensors along the circumferential direction is greater than the highest circumferential order

of the modes present in the bandwidth. When this condition is not satisfied however, care

must be taken so that the point sensors do not coincide with the nodal lines of a given mode

(mode n = 3 in this case). Furthermore, placing the sensors on anti-nodal lines ensures better

signal to noise ratio thus improving the accuracy of the sensor estimate.

4.2 CONTROL AND MEASUREMENT SETUPS

For all experimental testing, the cylinder is excited through the disturbance actuator with

a band-limited random noise. The sensor accuracy tests are performed over a 200-630 Hz

bandwidth while the control tests use a 200-500 Hz bandwidth. The reduced bandwidth

associated with the control tests ensures that the 2 by 6 sensor (i.e., 12 accelerometers total)

yields relatively accurate estimates over the frequency range. A three channel Filtered-x LMS

algorithm [22] is implemented on a Texas Instrument TMS320C30 digital signal processor

(DSP) to provide up to three control signals (see Figure 2). The results presented in this

paper are limited to cases where only the first and second control actuators were excited (see
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Table 2). The controller's reference signal is taken from the signal fed to the disturbance

actuator. Most of the control tests include an artificial delay of 20 samples in the disturbance

path so as to improve system causality. A few cases were also run with a zero delay in order

to evaluate the influence of system causality on the control performance. All control tests use

the following settings: the sampling frequency is set to F, = 2000 Hz, the FIR compensators

have 50 coefficients, and the IIR filters modeling the filtered-x path transfer functions have 60

coefficients in both numerator and denominator. All tests use three error signals based on the

structural acoustic sensor and far-field error microphones (B&K 1/2 in microphone, Model

4166), respectively. The sensor's array of filters is implemented on a second TMS320C30

digital DSP. Note that both controller and sensing code could be implemented on a single DSP

if desired. Three error microphones are also located along 9 = 70 °, 9 = 900, and 9 = 1100,

in the € = 0' plane at R = 1.85 m while several sets of FIR filters were designed to provide

pressure estimates for various radiation angles. All sensor FIR filters have 22 coefficients with

a sampling frequency, F, = 6000 Hz. The sensor transfer functions are accurately modeled

up to about 2500 Hz. This wide bandwidth relative to the actual bandwidth of excitation

was found necessary in order to ensure stability for the control system. Cases where the

response of the sensor filters is not constrained at higher frequencies can lead to unwanted

amplification of high frequency content remaining in the system due to the finite roll-offs of

the low-pass filters.

All tests were conducted in a 4.2 m by 2.2 mn by 4.5 m anechoic chamber at the Vibration

and Acoustics Laboratories (VAL), Virginia Tech. The chamber has an approximate cut-off

frequency of 250 Hz. Out-of-plane structural vibrations are measured with a Politec laser

vibrometer (Model OFV-2600/OFV-501). To allow measurements over the entire radiating

surface, the laser head is mounted on a one-dimensional linear traverse driven by a stepper

motor while a second stepper motor mounted on the end-cap assembly rotates the cylinder

around its main axis. The structural velocity measurements use a grid of 13 points along

the axial direction and 18 point along the circumferential direction. The measurement point

locations are defined by equation (7) with N, = 13 and N, = 18. This discretization level

proved to be sufficient to accurately measure the structural response over the frequency

bandwidth of excitation. The sound pressure radiated from the cylinder is measured inside
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the anechoic chamber with a B&K 1/2 in microphone (Model 4166) mounted on a circular

traverse. The traverse microphone is located at a radius of 1.85 m from the center of the

cylinder. Due to the legs of the support stand, the traverse can only move in the x-z plane

from 0 = 10' to 0 = 1700. The rotation of the cylinder also allows measurements along the

circumferential direction from € - 00 to € - 3600. All far-field measurements use a grid of

N0 = 13 points along the azimuthal direction, 9, and No = 18 points along the circumferential

direction, q.

4.3 NUMERICAL SIMULATIONS

In order to study various sensor configurations, numerical simulations were performed prior

to the experiments described above. The cylinder structure is modeled under steady-state

harmonic excitation of point forces and piezoelectric actuators with a variational approach

implementing the Rayleigh-Ritz formulation [151. In this model, the mechanical displace-

ments and electrical fields within the piezoelectric actuators are fully coupled thus including

the mass and stiffness loading of the actuators. This energy based formulation also allows

modeling of arbitrary boundary conditions applied along the edges of the cylinder. To this

purpose, the model includes translational and rotational springs along the axial, circumferen-

tial, and radial directions. The stiffness factor of each spring can then be adjusted to model

arbitrary conditions. The reader is referred to [151 for a complete description of the model.

The optimal control voltage to each actuator is computed using standard Linear Quadratic

Optimal Control theory [2], where the cost function to be minimized is a quadratic function

of the control voltage amplitudes.

Table 3 presents the natural frequencies of the first few modes of the cylinder as obtained

from the numerical model and experimental modal analysis of the test structure, respectively.

Examination of the associated mode shapes reveals the structure's attachment creates approx-

imately simply-supported boundary conditions where the first modal index, m, is associated

with the axial direction, and the second index, n, with the circumferential direction. Note

that each mode of vibration is associated with two distinct natural frequencies and mode

shapes (i.e., cos(nO) and sin(nO) angular variation) rotated along the circumferential direc-

tion by 7r/(2n) relative to one another. This behavior is expected due to the asymmetry
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introduced by the added mass and stiffness of the piezoelectric actuators. Disregarding the

mismatch of mode (1, 1), good agreement between numerical and experimental natural fre-

quencies can be observed. Including the circumferential dependence of the stiffness factors

used to model the boundary conditions would possibly improve the match especially for the

(1,1) "beam" mode.

5 SENSOR ACCURACY

This section successively presents analytical and experimental results showing the accuracy of

the structural acoustic sensor. The sensor estimate is compared to the actual sound pressure

radiated in the far field over the 200-680 Hz bandwidth.

5.1 ANALYTICAL RESULTS

Figure 4 shows the magnitude of the far-field radiated pressure in direction (0, €) = (700, 2400)

(solid line) along with the sensor estimate based on the piston approximation and two different

point sensor configurations. Both results were calculated using the analytical model of the

cylinder and its associated radiation field which are described in detail in Reference [15]. The

"actual" pressure corresponds to the full analytical prediction while the sensor estimate is

the far-field pressure estimated using the analytical model in conjunction with the structural

acoustic sensor theory of Section 2.2 . The dashed line corresponds to a 8 by 7 sensor, i.e.,

the acceleration measurement points are located according to equation (7) with Q, = 8 and

Q0 = 7, and the dotted line to a 2 by 12 sensor. Recalling the natural frequencies given in

Table 3, the resonance peaks correspond, as frequency increases, to modes (1, 2), (1, 3), (2, 3),

(1, 4), (1, 1) and (2,4) where the first and second index refers to the axial and circumferential

order, respectively. Note the unusual characteristics of cylinders for which the fundamental

mode (1, 1) is not associated with the lowest resonance frequency [18]. As seen on the plot, the

8 by 7 sensor yields excellent accuracy at the resonance frequency of all modes included in the

bandwidth except for modes (1, 4) and (2, 4) where large errors can be observed. Considering

the 2 by 12 sensor, excellent accuracy is obtained at the resonance frequency of all modes
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except for a small error near resonance of modes (2,3) and (2,4). These results illustrate two

fundamental properties of the sensor estimate for cylindrical geometries as outlined below.

Analogous to the case of planar radiators, the far-field radiated pressure in equation (3)

can be expressed in terms of the two-dimensional wave-number transform of the structural

out-of-plane acceleration [15]. The wave-number transform along the circumferential direc-

tion maps a periodic spatial distribution with period 21r into two sets of wave-number compo-

nents (or Fourier coefficients) defined over a discrete set of wave-numbers, n = 0, 1,... , +00,

while the transform along the axial direction maps a finite length axial distribution into a

wave-number distribution extending from -oo to +oo. Now considering a sensor based on

the monopole approximation and a set of equally spaced measurement points, the resulting

estimate can be expressed in terms of the associated discrete wave-number transforms as [15]

pe-jkR +00 n+1
Pd(R,0, snZ(kcos 9) cos(nO)+ w:,n(kcos9) sin(n0) }

rkR sin,0•2= g)' (kasinO)

(8)

where

= 7W(qi7cO~lt5 1  Qz-1

an{ -d(4,)) = AZ E 7*(€Zq2)en
= -sX"Q'- L 1d(¢bi,Y)sin(n~k,) q2=0

(9)

Note that the actual radiated pressure is obtained by replacing wYc(')d and Sd',n (11y) in equa-

tion (8) by their continuous equivalent

S,Bvc (,.Y) 1 w 27r

n = n,- 'f f f zib(O, z) cos(n O)eJ 7z d o dz (10)

_Y .-I "-0-; L' , t' e (0, z) sin ( no) e 7 d o d z

The pressure radiated in the far field at a particular angle is associated with a single axial

wave-number component, k cos(O), within the supersonic region, [-k, +k], and an infinite

number of circumferential wave-numbers, n = 0, 1,... , +oo. In practice, the infinite summa-

tion can be truncated based on the highest order of the circumferential modes included in
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the response and the range of the non-dimensional parameter, ka, as the magnitude of the

Hankel derivative tends towards infinity as n increases.

From equation (9), the accuracy of the sensor estimate is dictated by the levels of aliasing

occurring in the axial and circumferential discrete wave-number transforms. The number of

point measurements along the axial direction, Q, should be such that the Nyquist axial wave-

number, K,,/2 = Q7r/(2L), remains above the main axial wave-number components of the

acceleration distribution. Likewise, the circumferential Nyquist wave-number, K,/2 = Q012,

should be greater than the highest circumferential order of the modes found in the struc-

tural response. This requirement is a direct consequence of the sampling theorem commonly

applied to the sampling of time domain signals. It should be pointed out that unlike the

axial wave-number transform which extends up to infinity regardless of the spatial distri-

bution due to the finite cylinder length, the circumferential wave-number transform only

contains the components associated with modes found in the distribution. Therefore, while

the axial discrete wave-number transform always result in some level of aliasing, the discrete

circumferential wave-number transform will yield no aliasing, i.e., perfect estimates, pro-

vided all components above the Nyquist wave-number have zero amplitude. In addition, all

or part of the wave-number components associated with circumferential wave-numbers above

the Nyquist wave-number will yield large errors due to the periodicity of the discrete wave-

number transform. Thus, the Nyquist circumferential wave-number should be high enough

such that errors associated with higher wave-numbers are canceled by the large magnitude of

the Hankel derivative term. Finally, it can be shown that the circumferential wave-number

component estimate is independent of the origin of the point sensors locations along ¢ pro-

vided the number of measurement points satisfies the sampling theorem along this direction.

Note that similar trends are expected for the piston approximation.

Returning to Figure 4, the axial wave-number transform on resonance features a main

peak around -y = mnr/(2L) where m is the axial modal index. Consequently, the number of

measurement points along the axial direction should be greater than the modal index of the

mode dominating the response, i.e., Q, > m. Similarly, the number of point measurements

along the circumferential direction should be greater than twice the modal index of the asso-

ciated mode, i.e., Q0 > 2n. Cases where at least one of the above conditions is not satisfied
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yield aliasing errors as shown in Figure 4. At off-resonance frequencies, the response includes

higher order modes which reduce the accuracy of the estimate. Note that the discretization

level is the critical parameter affecting the sensor estimate. In other words, good sensor

accuracy is ensured over the entire radiating field as long as the number of measurement

points is high enough relative to the dominant modes of the response. Finally, it should be

mentioned that the above results assume perfect modeling of the sensor transfer functions.

However, due to the relative simple characteristics of the sensor transfer functions, excellent

modeling accuracy can be achieved with only a few FIR coefficients [151. Other analytical

results, not presented here for brevity, also confirm that Discrete Structural Acoustic Sensing

will provide good estimates of radiated pressure as long as no significant aliasing occurs.

5.2 EXPERIMENTAL RESULTS

This section briefly presents the accuracy of the 2 by 6 sensor which is implemented ex-

perimentally on the cylinder. The cylinder is excited through the disturbance piezoelectric

actuator with a band-limited random noise over 200-630 Hz. As true far-field conditions do

not exist in the anechoic chamber especially at low frequencies due its limited size relative

to the dimensions of the cylinder and the acoustic wave-length within the frequency band-

width of excitation, the pressure radiated in the far field is "reconstructed" from the laser

measurements of the cylinder out-of-plane velocity. Analogous to the real time pressure es-

timate implemented in the sensor, the'pressure field is computed off-line from the structural

laser measurements and the associated Green's function replacing the continuous integral in

equation (3) by its discrete approximation [15]. However in this case, the discretization level

is much higher with a grid of 13 by 18 measurement points (see Section 4.2 ) thus ensuring

a high fidelity in the predicted far-field sound pressure. The magnitude of the reconstructed

pressure at an angle (0,¢) = (76.80, 00) is compared to the associate sensor estimate in Fig-

ure 5. Recalling the system's natural frequencies presented in Table 3, five flexural modes

have their natural frequencies within the 200-630 Hz bandwidth. With increasing frequency,

the five main resonance peaks noticed on the plot correspond to modes (1, 2), (1, 3), (2, 3),

(1, 4), and (2,4), respectively. Notice that the response also exhibits small contribution from

"double" modes (1,2)*, (2,3)*, and (2,4)*.
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Examining the sensor output (dotted line), the pressure estimate shows good accuracy

around the resonance frequency of the (1, 2) mode. A small variation of about 2 dB is observed

at the resonance frequency of mode (1, 3). The reconstructed pressure is also relatively

well estimated at off-resonance frequencies around the (1, 2) mode. The sensor accuracy

then deteriorates as the frequency increases. A 6 dB variation between reconstructed and

estimated pressure is noticed at the resonance frequency of mode (2,3) while the estimated

pressure at the resonance frequencies of the last two modes in the bandwidth (modes (1, 4)

and (2,4)) is off by more than 20 dB.

The above tendencies confirm the analytical results discussed in the previous section

and agree well with the properties of the sensor estimate. As mentioned earlier, Qý = 2

measurement points along the axial direction yield good estimates for modes of axial order

1 or less. In the circumferential direction, Q¢ = 6 measurement points ensure accurate

estimates of modes up to n = 2. That is to say, spatial distributions that are dominated

by modes with axial and circumferential order larger than one and two, respectively, do not

yield accurate pressure estimates. Increasing the number of point structural sensors would

in turn increase the accuracy of the sensor prediction for these higher order modes.

6 RADIATION CONTROL

The following two sections discuss the analytical and experimental control results. In both

cases, the cylinder is under broadband excitation through the disturbance actuator. In order

to evaluate the performance of the structural acoustic sensor, results are presented which

compare its control performances to those obtained with error microphones located in the

far field. Note that the following analysis focuses on the influence of the "error"' information

on the control performances. In particular, the system is not optimized in terms of control

input and/or error measurement locations to achieve the best possible attenuation in radiated

power over the frequency bandwidth of excitation.
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6.1 ANALYTICAL RESULTS

This section presents three control cases calculated using the analytical model. The first

two cases are based on the minimization of the estimated and actual radiated pressure in

directions (0, ) = (700, 00), (1100, 400), (900, 1600), (700, 2400), and (1100, 3200). These five

radiation angles were chosen such as to obtain good global sound attenuation, i.e., none of the

modes included in the frequency bandwidth have radiation nodal lines along all five angles. A

third control case involves the direct minimization of the out-of-plane acceleration measured

at the point structural sensor locations corresponding to the Active Vibration Control case

for this system. Note that for the AVC case, the number of error signals then equals the

number of accelerometers implemented in the sensor, i.e., 12, while the ASAC cases use five

error signals corresponding to the directions of pressure estimates. All three cases use the

same control input configuration: the actuators locations are those given in Table 2 except

for the circumferential angle of the third control actuator which was set to € = 2250. All

three control actuators are implemented as control inputs in the following results. Note that

this configuration yields an over-determined system such that the optimal control amplitudes

are solved in the least square sense. The cost function thus does not include the control effort

usually required to condition the solution of under-determined systems (221.

Figure 6 shows the calculated radiated sound power before control (solid line) and-after

control based on the three cost functions. The dashed line corresponds to the minimization

of the five pressure estimates using a,3 by 9 structural acoustic sensor (Q, = 3, Q¢ = 9),

the dotted line corresponds to the minimization of the actual radiated pressure in the same

directions, and the dashed-dotted line corresponds to the minimization of the out-of-plane

acceleration at the point sensor locations (see equation (7)).

As seen on the controlled response, the first two sensing approaches (dashed and dotted

lines) yield very close control performances. The radiated sound power is attenuated over

the entire bandwidth with very small control spillover. The total attenuation across the

bandwidth is 20.2 dB for the structural acoustic sensor and 19.4 dB for the error microphones.

These results are expected since the discretization level of the sensor ensures reduced aliasing

errors for acceleration distributions including modes with axial and circumferential orders

up to 2 and 4, respectively. In other words, all modes included in the bandwidth yield
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accurate pressure estimates. Note that minimizing the actual radiated pressure yields a

slight decrease in overall sound attenuation thus suggesting the small errors introduced in

the pressure estimates result in a slightly more global error information. These results show

that the structural acoustic sensor implemented in this case can effectively replace the error

microphones. Comparatively, a reduced number of acceleration measurement points would

increase aliasing errors in the sensor estimate and in turn reduce the global sound attenuation

levels.

The third cost function associated with the minimization of the discrete acceleration over

27 points (dashed-dotted line) does not perform as well as the two previous cost functions

based on radiation information. While similar levels of attenuation are achieved at on-

resonance frequencies (except near resonance of the (1, 1) mode), the control performance

significantly deteriorates at off-resonance frequencies. This behavior suggests that some level

of modal restructuring occurs off-resonance when minimizing radiation information. In this

case, the controller achieves attenuation in the far field by combining several structural modes

that are present in the uhcontrolled response. The overall vibration levels do not necessarily

decrease in this case. At on-resonance frequencies, a single mode dominates the structural

response and radiation control is then achieved through modal reduction. To further illustrate

these results, the overall attenuation levels of mean-square velocity and sound radiated power

are presented in Table 4 for the three cost functions. Again, the first two cost functions

based on radiation information perform almost identically. The third cost function based on

structural information increases the overall attenuation level in mean-square velocity by more

than 10 dB. However, the attenuation in sound radiated power decreases by about 8 dB.

In other words, minimizing the structural vibrations yields, in this case, decreased control

performances in terms of radiated sound attenuation when compared to the use of structural

acoustic sensing or error microphones.

It should be mentioned that the above results are based on an optimal control solution

in the frequency domain which presents a number of limitations when used to predict the

performance of a real time domain control system under broadband frequency disturbances.

Specifically, the optimal control transfer functions are not constrained to yield realizable FIR

filters. This often leads to over-estimating the controller performance and, in some cases,
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to control spillover not observed experimentally due to the finite number of coefficients in

the control compensator among other factors. Consequently, the analytical results presented

above do not accurately model the performance of the control system investigated experimen-

tally. However, they still provide insight into the control performance of Discrete Structural

Acoustic Sensing compared to other sensing approaches and also indicate the maximum

achievable performance.

6.2 EXPERIMENTAL RESULTS

This section discusses some of the control results obtained experimentally on the system

described previously. The first two cases use the 2 by 6 structural acoustic sensor to provide

error signals associated with pressure estimates in three directions. A third case uses three

error microphones located along the same directions for comparison purpose. All three cases

use the first two control actuators, leaving the third actuator unexcited. The radiated sound

power presented below is estimated from the multiple traverse microphone measurements

over the sphere surrounding the cylinder.

The first control case corresponds to the minimization of the three sensor outputs associ-

ated with pressure estimates in directions (0, 0) = (76.80, 3400), (63.50, 00), and (103.20, 00),

respectively. Figure 7 shows the radiated sound power before and after control. The dashed

line corresponds to the standard configuration where a 20 sample delay is included in the dis-

turbance path. The dotted line corresponds to an additional case based on the same control

and error configuration with no delay included in the disturbance path. In both cases, the

radiated sound power is attenuated by 20 dB or more near all resonance frequencies of the

uncontrolled response. Small increases in sound power can be observed at off-resonance fre-

quencies for both cases. Note that the dotted line associated with a possible acausal system

does not show significant loss in performance compared to the dashed line. In other words,

system causality does not appear to be a critical factor in this case. Due to the small levels

of damping present in the system, the response is largely dominated by the five resonance

frequencies of the modes included in the bandwidth. It is therefore highly predictable allow-

ing control regardless of the system's causality. The total reduction level in radiated sound

power achieved across the frequency bandwidth of excitation is 15.4 dB with the 20 sample
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delay and 15.0 dB with no delay. Note that the three directions of minimization ensure good

global control, i.e., no spillover is observed on the radiated sound power of the controlled

response. In other words, the controller is forced to attenuate the amplitude of all modes

in order to minimize all three error signals. Modal reduction is therefore the main control

mechanism involved in this case.

The second control case based on the structural acoustic sensor uses three pressure esti-

mates in directions (700, 00), (900, 0'), and (110', 0°). These three directions of minimization

correspond to the locations of the error microphones implemented in the next control case.

Figure 8 shows the radiated sound power before and after control. Excellent attenuation

levels can be observed near resonance of modes (1, 2), (1, 3), (2, 3) and (2, 4) while significant

control spillover is noticed near resonance of modes (1, 2)* and (1, 4)*. The total attenuation

in radiated sound power is 5.9 dB. In this case, all directions of minimization are in the

0 = 0' plane which coincides with radiation nodal line of modes (1, 2)*, (1, 4)* and (2, 4)*. In

other words these modes are not well observed by the three error signals. This explains the

increase in radiated sound power noticed near resonance of mode (1, 2)* and (1, 4)*: rather

than canceling the associated modal amplitudes, the controller recombines the modal ampli-

tudes of the "double" modes and rotates the acceleration distribution such that the resulting

nodal lines are aligned with the minimization angles. This modal restructuring mechanism

is illustrated in Figure 9 where the out-of-plane velocity distribution measured by the laser

vibrometer is shown before and after control at 541 Hz, i.e., near resonance of mode (1, 4).

The acceleration distribution after control is clearly rotated. Note that modal restructuring

does not occur near resonance of mode (1,3) and (2,3). The first two control actuators

are aligned with the anti-nodal lines of the associated "double" modes (1, 3)* and (2,3)*

therefore preventing their excitation. It should be pointed out that the previous case does

not allow the above modal restructuring as the error signals do not correspond to pressure

estimates along circumferential angles multiple of 450, i.e., one error signal at least observes

the "double" modes thereby forcing the controller to reduce the associated vibrations. These

results therefore confirm the relatively good accuracy of the structural acoustic sensor im-

plemented on the cylinder. Despite the small level of discretization (Q, - 2, Q, = 6) which

only provides accurate estimates near resonance of mode (1, 2), the sensor still yields error
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information somewhat related to the radiated sound pressure at higher frequencies. This is

further illustrated by comparing these results with the next control case based on far-field

error microphones.

The third control case replaces the outputs of the structural acoustic sensor by three

error microphones located in the far field. To facilitate the comparison of the two sensing ap-

proaches, this case uses the same control configuration as previously. In particular, the three

error microphones are located along the same directions of pressure estimates implemented

in the previous case. The radiated sound power estimated from the traverse microphone

measurements is presented before and after control in Figure 10. As for the case of pressure

estimates using Discrete Structural Acoustic Sensing (see Figure 8), excellent global sound

attenuation is achieved near resonance of modes (1,2), (1, 3) and (2,3). Modal reduction

occurs at these frequencies therefore canceling the sound pressure radiated over the entire

field. Similarly, the sound power near resonance of mode (1, 2)* increases as in the previous

control case based on the structural acoustic sensor. Again, this mode has a radiation nodal

line along 0 = Q0 and thus remains unobserved by any of the three error microphones. Note

that the control spillover at this frequency is larger than in the previous control case. As a

result, the total sound radiated power across the frequency bandwidth of excitation increases

by 0.7 dB. Similar behavior can be observed near resonance of modes (1, 4)* and (2, 4)*. This

case clearly illustrate the importance of the control actuator and error sensor configurations.

In particular, global sound attenuation for lightly damped cylindrical radiators can only be

achieved through modal reduction. As a final remark, it should be mentioned that the con-

trolled response based on pressure estimates in the same three directions and the same two

control actuators exhibits very similar trends as the ones obtained with error microphones.

In particular, the structural acoustic sensor yields nearly the same response near resonance

of modes (1, 2) and (1, 2)* which confirms the accuracy of the pressure estimates at these

frequencies.
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7 CONCLUSIONS

Broadband radiation control from a finite cylinder has been demonstrated both analytically

and experimentally. The ASAC system implements a multi-channel Filtered-x LMS control

algorithm. Structural control inputs are applied through piezoelectric actuators while error

information is provided by a discrete structural acoustic sensor. Results show attenuation

in total radiated sound power of up to 15 dB is achieved across a frequency bandwidth

encompassing the first five flexural modes of the cylinder.

These results also validate the extension of Discrete Structural Acoustic Sensing to baf-

fled cylindrical geometries. In this technique, the sensor constructs real time estimates of

the pressure radiated in the far field at prescribed angles from discrete structural acceler-

ation measurements and associated signal processing. Sensor accuracy and comparisons of

control performances based on Discrete Structural Acoustic Sensing and the use of far-field

error microphones, respectively, demonstrate the ability of the structural acoustic sensor to

replace direct far-field pressure measurements. In particular, the analytical results show that

minimizing a cost function based on sensor estimates yields similar control performance to

that obtained with a cost function based on actual far-field pressure, provided accuracy is

ensured for the sensor. The experimental results on broadband radiation control confirm this

result. Similar control performances are obtained for both types of error information. Ex-

amination of the system's response at single frequencies within the bandwidth of excitation

also reveals the controller behaves similarly in each case. This includes frequencies where

modal restructuring is the main control mechanism which confirms the ability of the sensor

to provide accurate radiation information.

The accuracy of the sensor estimate over a given frequency bandwidth is primarily related

to the number of structural measurements implemented in the sensor. In particular, for

equally spaced measurement points, accuracy of the sensor estimates is ensured provided

the following two conditions are satisfied. First, the number of measurement points along

the cylinder main axis should be such that the associated Nyquist wave-number (half the

spatial sampling frequency) is located on the wave-number axis above the main content

of the wave-number transform of the structural out-of-plane motion along this axis. In

terms of simply-supported mode shapes, this first requirement is satisfied if the number of
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measurement points along the main axis is greater than the highest order along the same

axis of the modes which dominate the response. Second, the number of measurement points

along the circumferential direction of the cylinder should be greater than twice the order of

the highest circumferential order of the modes dominating the response. These conditions

define the frequency bandwidth of accuracy for the structural acoustic sensor.

More generally, the design and implementation of the sensor do not require precise knowl-

edge of the vibration characteristics of the structure. While some knowledge of the structural

velocity distributions allows for predicting the accuracy of the pressure estimate and pre-

determining the appropriate discretization level, the sensor transfer functions strictly depend

on the geometry of the structure and the surrounding fluid properties. This differs from a

number of alternative structural sensing techniques whose design and implementation are

directly based on dynamic properties of the structure, such as mode shapes. In comparison,

Discrete Structural Acoustic Sensing provides a more robust error information. The modeling

of the sensor transfer functions involves simple Finite Impulse Response (FIR) filters. This

type of filter is well suited to represent the radiation of monopole and piston sources into an

unbounded medium. In particular, the sensor transfer functions do not feature resonances,

which would otherwise require the use of the more complex Infinite Impulse Response (IIR)

filter model. Finally, when implemented in a far-field radiation control system, the time delay

associated with the acoustic path can be removed from the sensor transfer functions without

affecting the controller performance. This property greatly simplifies the sensor digital filters

by reducing the number of coefficients required for accurate modeling of the sensor transfer

functions. The sensor DSP implementation then becomes very efficient in terms of compu-

tations, allowing higher sampling frequencies or the combination of the sensor and controller

code on a single DSP.
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Parameter Cylinder Actuators
length (mm) 987 38.1
outside diameter / width (mm) 254 69.9
thickness, (mm) 2.36 0.1905
Young's modulus, (N/mr2 ) 7.1 x 107  6.1 x 1010
Poisson ratio, 0.31 0.33
mass density, (kg/m 3 ) 2700 7750
d31 constant (m/V) - 171 x 10-12
hysteretic damping factor, 0.002 0

Table 1: Dimensions and material properties of the cylinder and piezoelectric actuators.
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Actuator z/L I (degrees)
disturbance PZT -0.328 0
control PZT # 1 0.370 180
control PZT # 2 0.220 60
control PZT # 2 -0.395 250

Table 2: Actuators center location.
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mode modeled measured
(m, n) (Hz) (Hz)
(1,2) 240.8 241.2
(1,2)* 241.0 244.2
(1, 3) 304.9 302.9
(1,3)* 305.5 303.1
(2,3) 498.8 497.0
(2,3)* 499.2 500.3
(1, 4) 547.6 540.6
(1, 4)* 547.8 541.1
(1, 1) 565.3 708.0
(1,1)* 565.5 -
(2,4) 609.1 601.7
(2, 4)* 609.2 604.6

Table 3: Comparison of the numerical and experimental natural frequencies.
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Control case Attenuation (dB)
SMean-square velocity Sound radiated power_

3 by 9 structural acoustic sensor 8.1 20.2

error microphones 8.3 19.4
3 by 9 accelerometer array 20.7 12.4

Table 4: Calculated total attenuation levels over the frequency bandwidth of excitation.
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IMPLEMENTATION OF FAST RECURSIVE ESTIMATION TECHNIQUES

FOR ACTIVE CONTROL OF STRUCTURAL SOUND RADIATION

M. J. Bronzel, C. R. Fuller

Vibration and Acoustics Laboratories, Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0238, USA

INTRODUCTION

Recently, much research has been conducted in the area of active control of sound radiated from a
vibrating structure. The minimization of the radiated sound can be accomplished using different
approaches. Active Structural Acoustic Control (ASAC) changes the radiation characteristics of
the vibrating structure by applying forces or moments directly to the structure. In contrast, Active
Noise Control (ANC) involves additional noise sources usually by means of loudspeakers to
superimpose a secondary sound field which attenuates the primary noise. The effectiveness of
ASAC techniques has successfully been reported by Fuller using point actuators [1]. More
recently, Smith [2] has demonstrated the potential attenuation of broadband sound radiation from
a simply supported plate by means of piezoelectric actuators directly mounted on the vibrating
structure. ASAC effectively reduces the control effort needed to minimize the sound radiation by
forcing the structure to vibrate in non-volumetric modes which are inefficient radiators [3].
Structural time domain wavenumber sensing has successfully been demonstrated by Maillard and
Fuller [4, 5]. They have developed a technique to estimate the sound radiated in the farfield using
time domain structural wavenumber sensors based on out-of-plane acceleration signals measured
directly on the structure. This eliminates the need of microphones in the farfield to obtain error
signals needed to optimize the impulse response of a feedforward adaptive controller.

The implementation of an Active Noise Control System for controlling the sound radiation
from a vibrating structure requires the selection of suitable reference signals. Causality and
coherence considerations have to be taken into account with respect to the reference signal
filtered through a representation of the control and error path. This filtering is inevitable to
feedforward control implementations based on adaptive filtering. Sensing of the reference signals
from the vibrating structure is inevitable for real applications since in most cases the original
disturbance signal is either unknown or cannot be measured directly. This will effectively result
in a structural filtering of the unknown noise source and limit the bandwidth of the measured
reference signals. Most feedforward control algorithms used for adapting the coefficients of an
FIR filter rely on certain assumptions concerning the statistical properties of the provided
reference signals. However, these do not hold for real applications and results in non-optimal
convergence properties of the implemented adaptation algorithm.
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The deficiencies of stochastic gradient type algorithms for non-white input data have been
overcome by exact recursive least squares type algorithms which converge independently of the
statistical properties of the input or reference signal. In active noise control applications the
secondary path transfer functions have to be taken into account within the update loop of the
adaptive filter. The commonly used Filtered-X approach applies only to algorithms which
convergence in a stochastic sense. This paper describes the modifications needed to make exact
recursive least squares algorithms feasible for active noise control applications. Experiments for
controlling the sound radiated from a vibrating plate have been carried out using a stabilized
version of the Fast A-priori Error Sequential Technique (SFAEST) algorithm. This paper
discusses design issues for development and implementation of an active noise control system
based on fast feedforward control algorithms. It presents a method which effectively reduces the
limitations imposed by bandlimited reference signals exhibiting a large eigenvalue spread of the
associated covariance matrix. This paper will demonstrate the superior control authority of fast
transversal filter algorithms in the context of an overall ASAC design approach. Experiments for
control of sound radiation from a vibrating plate are carried out and results demonstrate the
effectiveness of the proposed design method.

FAST RECURSIVE ESTIMATION

During the past decade fast adaptive algorithms have been developed and further refined in order
to reduce their computational complexity and insure their stability under noisy or time-varying
constraints. But only recently these algorithms have been applied to noise control problems.
Alexander [6], Bronzel [7] and Carayannis [8] provide an overview of fast recursive estimation
techniques. Recursive identification is based on optimizing a set of model parameters given the
sampled signals rather than relying on assumptions concerning the statistical properties of the
signals involved. The Recursive Least Squares (RLS) algorithm implements a sequential iterative
procedure for inverting the sampled autocorrelation matrix based on the Sherman-Morrison
Lemma [9] resulting in a computational complexity of O(N 2) operations. Fast algorithms have
been developed which further utilize the shift-invariance properties of the autocorrelation matrix.
They usually circumvent the direct inversion of the covariance matrix by means of feedforward
and feedbackward transversal filters to. calculate the Kalman gain for updating the unknown
parameters of the adaptive filter. These fast variants of RLS algorithms have a computational
complexity down to 0(7N) for the Fast A-posteriori Error Sequential Technique (FAEST)
algorithm [10]. Hence these algorithms are becoming feasible for real-time applications. In our
ASAC application we have implemented a numerically stabilized version (SFAEST) of this
algorithm which has been developed by Moustakides [11]. The iterative adaptation loop of the
SFAEST algorithm is summarized in the Appendix.

In order to apply adaptive filters in feedforward control applications, it is necessary to
estimate the contribution of the filter output to the error signal. A common approach is to obtain a
representation S of the control and error path and change the order of filter operations. This
results in the standard Filtered-X algorithm, depicted schematically in Figure 1. Changing the
order of filter operations is possible only for Linear Time-Invariant (LTI) systems. Adaptive
filters are time-varying by definition and the corresponding filter operators do generally not
commute. However, the errors resulting from a change of the filter operations are small in the
limit of slow adaptation. This assumption is valid for stochastic gradient algorithms such as the
LMS algorithm which is commonly used in feedforward adaptive control applications.



M. J. Bronzel

3

Figure 1: Filtered-X configuration for adaptive feedforward controllers based

on stochastic gradient adaptation schemes.

The failure of the Filtered-X algorithm, when applied to fast recursive estimation schemes has

been reported by Bronzel [7], who successfully introduced the Extended-Filtered-X algorithm

which enables the implementation of fast recursive identification techniques for feedforward

control applications. The basic scheme of this approach is shown in more details in Figure 2. The

Extended-Filtered-X algorithm calculates an adjustment Ae[k] which compensates the error

introduced by exchanging the non-commuting filter operators in the standard Filtered-X

algorithm. The output y[k] of the adaptive filter A is filtered through a representation S of the

control and error path, yielding an estimate cj[k] of the contribution from the control signal to the

error signal e[k]. Exchanging the order of the corresponding filters yields another estimate c[k].

The necessary adjustment to the sampled error signal e[k] is given by the difference of these
estimates:

Ae[k]=_ a[k] r[k-i]- sj y[k- j].

Schirmacher [12] has reported the active control of airborne sound using the SFAEST

algorithm with a slightly modified form of the Extended-Filtered-X configuration which has been

developed by Bjarnason [13], who applied his Modified-Filtered-X scheme to the LMS

algorithm. Although the Extended-Filtered-X technique could be applied to stochastic gradient

algorithms it will generally yield no performance improvements and is furthermore not essential

to ensure stability.

A.. ., k~i: S • c(k). ,e(k)

Figure 2: Extended-Filtered-X configuration for adaptive feedforward

controllers based on fast recursive estimation techniques.
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EXPERIMENTAL SET-UP

The experiments were performed on a simply supported plate made of plain carbon steel with
dimensions 380 x 298 x 1.93 mm. Figure 3 shows a schematic display of the experimental
arrangement. The simply supported boundary conditions were provided by thin flexible metal
shims connecting the edges of the steel plate with a heavy support stand. The lower order
resonance frequencies of this plate are presented Table 1.

simply-supported sound
plate "radiation

accelerometers .

disturbanc 
z

location 0

0 piezoelectric
ý~actuator

"- baffle

Figure 3: Experimental setup of simply supported plate with
disturbance shaker, PZT control actuator and an array of 9
accelerometers for estimating the wavenumber components
radiating in the farfield.

Nine accelerometers were mounted on the plate as depicted in Figure 3 to measure the
structural vibration. The acceleration signals were sampled at 1 kHz and passed through a digital
filter network to provide time domain estimates of 3 wave-number components. One of these is
used as an error signal for the adaptive feedforward controller. The calculations are carried out in
real-time on a TMS320C30 DSP board.'A more detailed description of the wave-number sensor
is given by Maillard and Fuller [5].

Table 1: Plate modal resonant frequencies.

Mode (m,n) (1,1) (2,1) (1,2) (2,2) (3,1) (3,2)
Frequency [Hz] 87 183 244 330 343 474

Two G 1195 PZT piezoelectric actuators with dimensions 38 x 32 x 0.19 mm were mounted
on each side of the plate and wired out of phase to provide bending moments as control inputs.
The controller and a digital random noise signal generator were implemented an a separate
TMS320C30 DSP board with 2 channel built-in analog 1/0. The signal taken from the output of
the built-in signal generator was filtered through a low-pass Butterworth filter with a cut-off
frequency of 400 Hz to excite the disturbance shaker. While the reference signal for the adaptive
feedforward controller is directly available from the random noise sequence, an adjustable delay
was introduced in the disturbance path to investigate the effects of causality. The 1/0 data stream
is sampled at I kHz. The adaptive controller uses 180 FIR filter coefficients which are updated
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using the Extended-Filtered-X SFAEST algorithm as outlined in the Appendix. The control and
error path is represented using a transversal filter with 180 coefficients. The windowing
parameter X in the SFAEST algorithm is set to 1.0 which resembles the stationarity of the
disturbance signal and of the plate dynamics. Suitable values for the initialization parameter gt =
1.0 and for the stability parameter p = 1.0 were established during experimental testing. The
coherence between the disturbance signal and the error signal as well as the auto-spectrum of the
estimated wavenumber components were monitored using a portable B&K 2148 dual channel
signal analyzer.

EXPERIMENTAL RESULTS

The estimate of the sound pressure based on structural time domain wavenumber sensing
provides a signal related to the noise radiation from the vibrating simply supported plate coupling
in the directions corresponding to 0 = -30', 0 = 0' and 0 = 300 (see Figure 3). The implemented
controller is currently designed for SISO systems. Therefore it is only possible to minimize the
sound radiation in one direction using a single PZT actuator mounted on the vibrating plate.
However, the estimated sound pressure corresponding to the other two directions was monitored,
as well.

The following results present an optimal controller, where a 20 ms delay has been added to
the disturbance path to make the system more causal. This enables the controller to adapt the
coefficients necessary to compensate the non-minimum phase zeros of the control and error path.
Figure 4 shows the auto-spectrum of the estimated error signal at 0 = -30' for the uncontrolled
(solid line) and controlled (dashed line) system after 5000 iterations using the Extended-Filtered-
X SFAEST based controller. Significant reduction of the radiated sound is achieved with peak
attenuation levels up to 28 dB for the entire bandwidth ranging from 50 Hz to 400 Hz. The total
sound pressure level attenuation is 7.9 dB across that frequency range. Figure 5 displays the noise
reduction being achieved. Large reductions in radiated sound level are obtained for on-resonance
frequencies. Figure 6 and Figure 7 show the estimated sound pressure level before (solid line) and
after (dashed line) control for the additional signals corresponding to pressure radiation in 0 = 30'
and 0 = 00. Note that these signals were not included in the costfunction to be minimized using
the adaptive feedforward controller. Cancellation occurs at resonant frequencies while the noise
level off-resonance is increased in general.

100 30

go- 25-90' "

20-

70-1

110

__ o - Z,2
ES

400

5 0 IS 1 200 250 300 350 0. 100 1150 200 20•30 0 4
Fr.quenVy [HZJ Fr.qu-ncy IHzj

Figure 4: Auto-spectrum of the estimated error signal Figure 5: Noise attenuation of the estimated error
(0 = -300, 0 = 0) before and after control. signal (0 = -300, 4 = 00) after 5000 iterations.
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Figure 6: Auto-spectrum of the estimated signal Figure 7: Auto-spectrum of the es -timated signal
corresponding to sound pressure radiation in second corresponding to sound pressure radiation in third
direction (0 = -30', =00) before and after control. direction(0 = 0', =0") before and after control.

The previously presented results were obtained after 5000 iterations using the Extended-
Filtered-X SFAEST algorithm. In order to demonstrate its effectiveness, the experiments were
repeated using the common Filtered-X LMS algorithm. A convergence factor of A = 2.OE-10
was chosen as the maximum possible value to maintain stability during the process of adaptation.
Figure 8 and Figure 9 show respectively the auto-spectrum of the error signal before (solid line)
and after (dashed line) control and the achievable noise attenuation after 20000 iterations.
Although the radiated pressure associated with most dominant radiating modes has been reduced,
the overall broadband performance of the Filtered-X LMS based controller has still not achieved
that obtained using the Extended-Filtered-X SFAEST algorithm. The total sound pressure
attenuation results in 4.0 dB in the frequency range between 50 and 400 Hz.

100 30I

g- 20

.2 70

10

0
-- ucontrolled0

400 100 I 200 2 300 3o 0 2 3
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Figure 8: Auto-spectrum of the estimated error signal Figure 9: Noise attenuation of the estimated error
(0 = -30', € = 0°) before and after control. signal (0 = -300, , = 00) after 20000 iterations.

A direct comparison of the learning curves for the SFAEST and the LMS based controllers
demonstrates the superior performance of the fast recursive least squares controller. The
SFAEST algorithm converges very fast although the covariance matrix of the filtered reference
signals exhibits an extremely high eigenvalue ratio of il = 4.42E+5. The residual error signals for
the first 5000 iterations are shown in Figure 10 for the two different controllers. Note that the
output of the SFAEST based controller was switched off during the first 1000 iterations. This
results in better control performance since the SFAEST and other fast adaptation schemes tend to
overshoot the residual error during the first iterations in a noisy environment.
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Figure 10: Residual adaptation error during the initial 5000 iterations for the SFAEST. The results are
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Figure 11 compares the coherence function between the reference signal and the error signal
before and after 1000 and 5000 iterations for the SFAEST based controller. The significant
decrease of the coherence indicates that most of the correlated content from the reference signal
has already been removed from the error signal after 1000 iterations. The corresponding
coherence functions for the LMS based controller are shown in Figure 12. The coherence has not
remarkably decreased after 5000 iterations. Figure 13 and Figure 14 show respectively the
effective noise attenuation for the SFAEST and for the LMS based controller before control and
after 1000 and 5000 iterations. The attenuation of the radiated sound pressure corresponds to the
decrease of the coherence between the reference and the error signal shown before.
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Figure 15: Auto-spectrum of the estimated error Figure 16: Comparison of the optimal controllers
signal before and after control with 20 ms delay and impulse response for an implementation with 20 ms
without delay. delay and without delay.

In Figure 15, the previously obtained results (dotted line) are compared with that achieved
with a controller implementation where no additional delay has been added in the disturbance
path (dashed line). The corresponding optimal controller coefficients after 5000 iterations are
shown in Figure 16. As expected, better attenuation over the frequency band is obtained with the
delay being added, due to the non-minimum phase characteristics of the control and error path.
The controller coefficients with smaller index than the number of additional delay taps in the
disturbance path cannot be modeled in realistic applications. This results in some control spill-
over for off-resonance frequencies which can be reduced using more than only one control
actuator. However, significant attenuation was achieved at resonant frequencies using the control
implementation without delay. The broadband overall sound pressure reduction is 4.2 dB across
the entire bandwidth.

CONCLUSIONS

Active structural acoustic control of structure-born sound has been investigated using a fast RLS
algorithm. Application of fast adaptation schemes has been made feasible using an Extended-
Filtered-X algorithm which eliminates the inevitable errors associated with the standard Filtered-
X approach. The presented results clearly demonstrate the superior control authority of the
Extended-Filtered-X SFAEST algorithm over the Filtered-X LMS algorithm if the covariance
matrix of the underlying filtered reference signals exhibits a large eigenvalue ratio. Broadband
attenuation of the noise radiated from a simply supported plate in one direction has been
demonstrated with peak attenuation levels up to 28 dB in the frequency range from 50 Hz to 400
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Hz. Most of the reduction in the radiated sound pressure has been achieved after 1000 iterations.
However, a significant number of FIR coefficients were necessary to provide attenuation of the
levels achieved. Furthermore, results indicate, that a significant performance improvement could
be expected from implementing fast H1R type adaptive filters based on recursive least squares
estimation techniques.
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APPENDIX

Stabilized Fast A-posteriori Error Sequential Technique (SFAEST) algorithm. The
following list summarizes the update equations for the Extended-Filtered-X SFAEST algorithm.
The computational complexity of this algorithm counts 8n+41+2n+2m+l Multiply-And-Add
instructions including 5 divisions.

r[k + 1] = ST xm[k + 1] filtered reference signal

e" [k + 1] = r[k + 1]J-f[k] r,[k] a priori forward predictor error

e•[k + 1] = r[k - n] - br[k] r,[k + 1] a priori backward predictor error

y."+[k+11= X c+[[k] Yn[k] order recursion for angle update (step up)
".[ =c[k] + er[k + 2 [k]

"Y'[k + 1] = y.,[k + 1] angle update (step down)

I+e b [k + Cn(1[k] + en[k]+ 1 f[k], yn.[k+l]

c•[k] = X-n yJk] fn[k] windowed angle parameter

U.[k + 1] = eb[k + 1] + X acb[k] Cnf[kj + c[kI e.[k + 1]

1Jk + 1 ( = k J)k + 1] stabilization factorI + P (I - .[k + 1]) +p c,[k]'(1- y.[k])

f[k + 11 = ef[k + 1I-(1-- y[k]) c.[k] p ýn[k + 1] stabilized forward predictor error

af [k + 1] = X cflk] + y.[k] F,[k + 112 forward angle update

F,[k + I1 = eb[k + I1 - (I - y.[k + 1]) p •.[k + 1] stabilized backward predictor error

a,[k + 1] = X anb[k] + yr[k + 11 ir[k + 112 backward angle update

fKn.,[k + 1] 0 E• [k-+ 11 alternative Kalman gain update

fn[k + 1] = f.[k]- y,[k1 (e'[k + 1 +p •.[k + 1]ck])1C•[k] forward predictor update

{lCn [k +1]}=lCn[k +lI1]f _C+[k+l1] {- [k]} partitioning of alternative Kalman gain

b0 [k +1] = bn[k]-'yn[k +]l (eb[k+ 1]+p •o[k+ ])K•[k + 1] backward predictor update

y[k + 1] = a,,[k] xn[k + 1] FIR filter output

Ae[k + 1] = aT[k] r.[k + 1]- sT y,[k + 1] a priori error adjustment

e. k + 11 = y,[k + 11 (e.[k + 1] + Ae[k + 11) modified a posteriori error

ar[k + 1] = aT[k] - eJk + 1] KCtk + 1] FIR filter update
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1. Summary

In this work, two forms of frequency domain optimum solutions for multiple reference

active noise control (MRANC) in a feedforward arrangement are given in terms of signal

spectra and system frequency response functions (FRF). It is particularly noted that the

optimum solutions are uncoupled if the reference signals are uncorrelated or the noise

sources are directly available as reference signals. Other than the traditional control

configuration which feed each reference signal into a different filter, another control

configuration which combines multiple reference signals into a single input is also

investigated. Although this configuration generally delivers a compromised control

effect, the payoff is a simplified control structure and significant computational savings.

In addition, under some circumstances, the desired performance which is comparable to

other complex configurations can -be achieved. Simulations based on sound transmission

through a vibrating plate have been conducted and the results presented are consistent

with the theoretical analysis.

PACS numbers: 43.40 Vn, 43.50 Ki
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2. Introduction

Over the last two decades, active noise control (ANC) has been demonstrated as

an effective approach for low frequency noise reduction. The principle of ANC is based

on the superposition of the two acoustical waves from, the primary and secondary sources.

When the two waves are out of phase and of the same amplitude, the superposition results

in complete cancellation of the two waves and therefore generates a silent zone. ANC

provides an ideal complement to the conventional passive noise control approach, which

generally works efficiently at higher frequencies.

The application of ANC has been extended from single noise source one-

dimensional acoustical fields, e.g. a low frequency field in an air duct, to complex

multiple noise sources three-dimensional acoustical fields, e.g. a sound field in an aircraft

cabin. The extension to three-dimensional acoustical fields requires a number of

secondary sources to minimize the mean square signals from a number of error sensors,

so that the primary acoustical field can be spatially matched [1]. The extension to a

multiple noise source environment usually requires more than one reference sensor to

generate a complete set of reference signals [2].

An important issue for multiple reference active noise control (MRANC) is the

selection of the number and the positions of reference sensors. The principle for

reference sensor selection is based on using a minimum number of reference sensors to
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achieve maximum multiple coherence between the reference signals and the primary

noise signals. The number of reference sensors should be as small as possible in order to

simplify control structure and save computational cost, while the multiple coherence

function should be as close to unity as possible in order to achieve maximum noise

reduction [2]. Generally speaking, the reference sensors should be able to detect all the

independent noise sources, which usually implies more reference sensors than

independent noise sources [3]. A number of frequency domain approaches have been

applied to identify noise sources based on coherence techniques [4][5] and Principal

Component Analysis [6]. The applicability of coherence techniques is determined by the

correlation among reference signals. Principle Component Analysis is effective in

determining the dominant noise sources and does not depend on the correlation among

reference signals. Hoiever, the exact locations of reference sensors required to detect

those noise sources remain unknown. Recently, attention has been paid on the

convergence rate as well as the number of controller coefficients for reference sensor

selection [7].

The previous studies of multiple reference active noise control are mainly focused

on noise source identification and reference sensor selection. An important issue remains

untouched. When MRANC is designed to achieve noise reduction at a number of

locations or globally, the control structure becomes very complicated and the amount of

computations may exceed the computational limit of many digital signal processors

(DSP). It is therefore of much significance to study the possibility of simplifying the
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MRANC control structure, while maintaining the desired noise reduction. In addition, the

coupling effect between noise sources and reference sensors has not directly investigated.

3. Frequency domain analysis

Figure 1 shows a typical MRANC system, in which there are M noise sources, K

reference sensors, one secondary source and one error sensor. Each reference signal is

fed into a different filter and the output of each filter is summed together to drive a single

secondary source. This multiple reference multiple input (MRMI) configuration for

processing reference signals attempts to control the primary noise from multiple primary

paths with the secondary noise from multiple filters, thus it enjoys the applicability in

general situations and has been adopted in most previous studies [2], [8]. Since the

number of the secondary sources and error sensors is chosen to be unity to simplify the

analysis, spatial noise reduction effect is not a concern. The signal at the error sensor is

the superposition of the primary noise and the secondary noise and is given by

e(w) = d(w) + T(w)xT (w)W(w) (I)

where d(w) is the primary noise, T(w) is the FRF between the secondary source and the

error sensor, x(w) is the reference signal vector, and W(w) is the controller FRF vector,

that is

x(w)={x,(w) x2(w) A Xk(W)IT (2)

W(w)={W1 (w) w2(w) A Wk(w)} T  (3)
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The objective of ANC is to minimize the error signal, thus the cost function is defined as

(w) = E(e*(w)e(w)) (4)

Substituting equation (1) into equation (4) and taking the complex derivative with respect

to the controller vector [9], the gradient of the cost function is obtained as

V = E(V(W)jT(w))W(w) + E(d(w)i*(w)) (5)

where

i•w) = x(w)T(w) (6)

The optimum controller vector can be obtained by setting the gradient to zero, thus

W0p,(w) = -R '(w)P(w) (7)

where R(w) is a matrix, whose diagonal terms are the auto-spectra of the reference signals

and off-diagonal terms are the cross-spectra of the reference signals, P(w) is a vector

representing the cross-spectra between the reference signals and the primary noise, i.e.

(S.(w) Sj.(w) A S, (w)

R~) S.,,(w) S4A(w) A S.4(w) (8M M M M(8)

S4 (w) S4.4(w) A S 4 (w))

•SB,d(w)"

P(w)= S.d(w) (9)

It is interesting to note that if the reference signals are uncorrelated, their cross-spectra

would be zero. It follows that all the off-diagonal terms inside the matrix R(w) are zero.

Thus, equation (7) can be rewritten as
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W.ot(W) S (W) i = 1,2,3,A , K (10)

The above equation indicates that the optimum solutions of all the filters are

independent, and each filter operates without any interference from other filters. In other

words, the filters are uncoupled if the reference signals are uncorrelated. The optimum

controller vector can be derived in terms of system FRF's. The primary noise at the error

sensors is formed by M noise sources passing through M primary paths and is given by

d(w) = nr(w)P(w) (11)

where n(w) and P(w) are noise source vector and primary FRF vector respectively and

can be expressed as

n(w)={n1 (w) n2 (w) A n (w)}T (12)

P(w)={JP(w) P2 (w) A P(o(w)}T  (13)

The noise sources and the reference signals are related by

x(w) = H(w)n(w) (14)

where H(w) is the source coupling matrix, whose element Hij(w) represents the FRF

between the ith noise source and the jth reference sensor, and can be written as

H,,(w) H 21 (w) A S"11 (W)
1H2(w) H22(w) A S 1, (w)

M M M (15)

HkI(w) Hk2 (w) A Sik W)

Substituting equations (6), (11), and (14) into equation (5) and moving all the FRF's to

the outside of expectation, the gradient of the cost function is obtained as

J. Sound and Vibration. Y. Tu, C.R. Fuller Page 7



V = T*(w)H*(w)E(n*(w)nr(w))[HT(w)T(w)W(w) + P(w)] (16)

Another form of optimum controller vector can be obtained by setting the gradient to

zero, i.e.

P(w)
wp w= -H(w T(w) (17)

where H÷(w) is the pseudo-inverse [10] of HT(w). The optimum controller vector is

expressed in terms of FRF's of the primary path, the error path and the source coupling

path. This solution is intuitively clear: the error signal comes from the noise sources

through both the primary path and the secondary path, the controller in the secondary path

adjusts its FRF so that the two paths have the same magnitude response and 180 degrees

phase difference. Thus, noise cancellation is achieved.

If H(w) is an identity matrix, which implies that the number of reference sensors

is the same as the number of noise sources, and each noise source is available as reference

signal, equation (17) reduces to

wiot()= P W (18)
T(w)

Again, equation (18) indicates that the optimum solutions of all the control filters are

independent. In fact, each optimum solution is determined only by the corresponding

primary path and the error path.

An alternative MRANC system combines all the reference signals into a single

input (MRSI) as shown in Figure 2. This configuration generally delivers compromised

noise reduction effect. However, under some special circumstances, desired noise
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reduction effect along with a large number of computational savings can be obtained.

The coherence function is defined as

S' (W S,)(W) (19)
S" (w)S," (w)

The primary noise and the reference signal can be written as

d(w) =n,(w)P,(w) + n2(w)P 2(w)+A +nM(w)PM(w) (20)

x(w) = n (w)H, (w) + n2(w)H 2(w)+A +nm (w)HM (w) (21)

where Hi(w) is the summation of all the FRF's from the ith noise sources to all the

reference sensor and is given by

K

Hi(w) = Hnij(w) (22)
j=I

Since the noise sources are assumed to be uncorrelated, their cross-spectra are zero, it

follows that

S= = S,., I1HI 1 2 +S,,,, I H 212+A +Sknkn I Hk 12  (23)

sdd S I,,n 12 + Sn,:,, [i. f 1 2+A +s*,o< k2  (24)

sxd=S,,, " H + Hk" HP (25)

Sdx = S , *n HIPI + S P.. * H2P2" +A +S',, HkPk- (26)

Subtracting the numerator from the denominator of the coherence function results in

SxSd - S xdSd,

- (SniniSnnj(IHHipj2 HjI2 i 2-HiHj*Pi*Pj - H jPiPj)
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k

= (S,,,,S,,, (IHjPj -HjP1) (27)
i, j=l ,i;•j

Since the auto-spectrum is non-negative, the above expression is also non-negative,

which implies that the coherence function is usually less than unity, i.e.

Y(w) 1 (28)

This result indicates that perfect noise cancellation is not achievable with MRSI

configuration. It should be noted that there are no unaccounted input signals, output

signals, or nonlinear components in the system. If the system is configured properly,

unity coherence function is expected. Thus, the coherence inadequacy is caused by the

defect of MRSI configuration. It is also important to note that the MRSI configuration is

defective even when the reference signals are uncorrelated. This conclusion can be seen

by assuming that each noise source is available as a reference signal, accordingly, every

noise coupling terms Pi in equation (27) drop out and equation (28) still holds. As a

conclusion, compromised noise reduction is anticipated as a result of the defective MRSI

control structure.

However, under two special circumstances: (1) when each reference signal

occupies different frequency range, i.e. S, ,S,j- = 0 for i # j; (2) when each noise

source is available as a reference signal, and all the FRF's of the primary paths are equal,

i.e. IHjPj-HjPjP=Ofori•j, equation (26) is equal to zero, which implies unity

coherence function throughout the frequency range. Thus, when either one of the two
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conditions is met, the performance of a MRSI configuration is expected to be equivalent

to that of a MRMI configuration. For example, when several engines run at different

speeds, each engine can be considered as a source radiating only tonal noise, since the

base tone frequency is different, a MRSI configuration can be used to obtain desired noise

reduction. This falls into the first circumstance. If the noise sources are adjacently

located and available as reference signals without coupling, and the error sensors are far

away from the noise sources, all the primary paths are expected to be comparable. As a

result, desired noise reduction effect can be achieved with a MRSI configuration. This

falls into the second circumstance. The choice of a MRSI configuration significantly

simplifies a MRANC system as compared to a MRMI configuration.

4. Simulation setup and system modeling

In a complicated ANC system such as an aircraft cabin, the fuselage may generate

interior noise due to directly applied structural forces as well as acoustical pressure

fluctuations acting on it from exterior. The setup shown in Figure 3 gives consideration

to these two types of excitations. As shown in Figure 3, there are two disturbance

sources, one secondary source and one error microphone for the plate system. The plate

has dimensions of 0.381m long and 0.305m wide and is mounted in a heavy steel frame,

which produces negligible rotation and displacement of the boundary, approximating

clamped boundary conditions. The steel frame is mounted in a rigid wall with one side

facing toward a reverberation chamber and the other side toward an anechoic chamber.
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The plate is excited by two distinctive noise sources; one is the acoustical disturbance

from a large speaker, while the other is the structural disturbance from a piezoelectric

ceramic transducer (PZT #1) mounted on the plate. The secondary control source acting

on the plate is another piezoelectric actuator (PZT #2). The positions of both of the

PZT's are selected such that any plate mode of order (4,4) or less can be excited. The

error sensor is a microphone located in the direction approximately perpendicular to the

center of the plate. The goal of the control is to minimize the total radiated sound at the

error microphone.

The system shown in Figure 7 has two primary paths (from the speaker through

the plate to the error microphone and from the PZT #1 to the error microphone) and one

error path (from the PZT #2 to the error microphone). The FRF's of the two primary

paths and the error path were modeled with FIR filters. In order to obtain the FIR models

of the system, the FRF's were measured with a B&K 2032 digital signal analyzer, and

801 frequency response data samples equally spaced between 0 to 400 Hz were obtained.

These frequency response data were ,fitted with FIR filters using the least square method

[11]. The frequency range is constrained to be below 400 Hz. Within the chosen

frequency range, a maximum of five structural modes can be excited.

The number of coefficients in each FIR filter was chosen to be 128 such that both

the phase and magnitude of the FRF can be well matched at the frequency range where

large noise cancellation is desired. The match at other frequency ranges (e.g. below 40

Hz) is not very important, since the noise cancellation at those frequency ranges is
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unobtainable due to the dynamic limitations of the PZT actuators. The sampling

frequency is chosen to be 800 Hz, which is exactly the Nyquist frequency for the system.

The magnitude response of measured FRF's and their corresponding FIR models are

shown in Figure 4, 5 and 6.

5. Simulation results

In the first simulation, the performance difference of the two configurations (MRSI

and MRMI) is examined with two independent random signal generators as the noise

sources. For MRMI configuration, the two reference signals are obtained directly from

the two random signal generators. For MRSI configuration, the reference signal is the

summation of the signals from the two random signal generators. The optimum filter

weight vectors for both configurations are calculated based on the norm equation

RW,,Pt = -P (29)

where

'((k)xT,(k) iq,(k)XT2 (k) A ii,((k )j T k((k)

R=E1 72(k)MT1 (k) :02(k)r T
2(k) A ' 2(k)J

T k(k)
M M M M (30)

,Xk (k)ir1 (k) 'k(k)3r 2(k) A '3k(k)irk(k))

( (k)d(k)
P= (k)d(k)P=E 1  (31)

ik(k)d(k)
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The expected values inside the matrix R and the vector P were approximated using the

average of 4096 samples. The residual noise after control is obtained by substituting the

optimum weight vectors into controller filters.

The error signal after control (residual noise) in the time domain is shown in

Figure 7, which indicates that the error signal for MRMI is much smaller than that for

MRSI. In other words, MRMI achieves much better noise reduction than MRSI.

Although perfect noise cancellation with MRMI can be achieved theoretically since the

system is casual, completely coherent and without any additional noise, the error signal

does not reach zero. This is due to the finite filter length effect since each controller filter

for MRMI has only 128 coefficients. A comparison of the power spectral density is

shown in Figure 8, which clearly indicates that the performance of MRMI is much better

than that of MRSI. In fact, 10 dB overall noise reduction for MRMI is achieved, while

only about 3 dB overall noise reduction is achieved for MRSI. It should be noted that the

maximum noise reduction occurs in the vicinity of the resonance frequencies, while at the

off-resonance frequencies, only a small amount of noise attenuation is achieved.

Since both noise sources in the preceding simulation has the same frequency range

between zero to 400 Hz, the poor performance of MRSI is expected. However, if the two

noise sources have non-overlapped frequency range, MRSI is expected to have

comparable performance with MRMI. In this simulation, the first noise source is

provided by a random signal generator passing through a low-pass filter with cutoff

frequency at 160 Hz, and the second noise source is provided by another random signal
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generator passing through a high-pass filter with cutoff frequency at 160 Hz. Thus, each

noise source occupies a different frequency range. Each of the two filters in MRMI has

128 coefficients, and the only filter in MRSI also has 128 coefficients. A sequence of

error signal after control (residual noise) is shown in Figure 9, and the power spectral

density of the error signal before and after optimum control is shown in Figure 10. The

result shows that the performance of both configurations is close. However, since MRSI

has a very simple structure, significant amount of computations can be saved. It is

interesting to note that, under the assumption that each noise source has a unique

frequency range, MRSI approach is actually the inverse of the sub-band approach.

It has been theoretical predicted that if all the primary paths are similar to each

other and each noise source is available as a reference signal, then MRSI is expected to

have comparable performance as MRMI. In this simulation, the first primary path is

replaced by the variation of the second primary path, which deviates about 10% from the

original magnitude and phase, and the second primary path stays the same. Thus, the two

primary paths are similar. A sequence of error signal after control (residual noise) is

shown in Figure 11, and the power spectral density of the error signal before and after

optimum control is shown in Figure 12. The result clearly shows that the performance of

both configurations is very similar.
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6. Conclusions

A frequency domain optimum solution of a multiple reference active noise control

(MRANC) system based on a general configuration (MRMI) has been derived, and the

coupling effect between noise sources and reference sensors has been considered.

Another simplified control configuration in which the reference signal are directly added

together to form a single signal has been investigated and compared with the MRMI

configuration. When there are several noise sources, the MRMI configuration generally

performs much better than the MRSI configuration. However, when each reference

signal occupies a unique frequency range, or all the primary paths are similar to each

other and each noise source is available as a reference signal, the two configurations can

result in comparable noise reduction. In this situation, since the MRSI configuration is

much less complex,- a significant amount of computational and memory savings can be

achieved.
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1. Summary

Multiple reference active noise control (MRANC) has been applied to acoustical fields

with multiple noise sources to achieve low frequency noise reduction. The traditional

control configuration feeds each reference signal into a different control filter. This

configuration has been widely adopted due to its potential performance in a general

multiple noise source environment. However, it entails the problem of ill conditioning

when the reference signals are correlated. In this paper, A time domain analysis has been

carried out to investigate the problem of ill conditioning for MRANC. To cope with the

problem of ill conditioning, a reference signal preprocessing step is added to the

conventional active noise control process. This preprocessing step essentially constructs

a new set of reference signals, which preserve all the information of the original

reference, but are uncorrelated with each other. An adaptive decorrelation filter based on

the Wiener filter theory and Gram-Schmidt orthogonalization theorem is constructed to

implement the reference signal preprocessing step. Experiments based on sound

transmission through a vibrating plate have been conducted and the results presented are

consistent with the theoretical analysis.
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2. Introduction

With the breathtaking advance of digital signal processing (DSP) technology and

ever-increasing parallelism for real-time computation, complex feedforward active noise

control (ANC) systems with multiple reference, multiple actuator and multiple error have

been built. These complex ANC systems make noise reduction possible not only in

single noise source one-dimensional acoustical fields, but in multiple noise source three-

dimensional acoustical fields as well. When an ANC system is applied to a three-

dimensional acoustical field, it is usually required to use multiple actuator and multiple

error sensor to achieve spatial noise reduction [1].

In addition, to achieve noise reduction in a multiple noise source environment, it

is usually required to use multiple reference sensor to generate a complete set of reference

signals [2] so that the desired multiple coherence function can be obtained. A previous

companion paper [3] studied the behavior of conventional and simplified multiple

reference active noise control (MRANC) systems using frequency domain analysis and

simulation. It was found that good performance was achieved when the reference signals

were uncorrelated. However, if the reference signals are correlated, the MRANC system

may become ill conditioned which usually results in a slow convergence rate and high

sensitivity of noise attenuation to the measurement contamination.

A method to increase the convergence speed by using decorrelators for a MRANC

system was proposed by Masato et. al. [4]. The effectiveness of the proposed
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decorrelators to increase convergence speed is strongly affected by the characteristics of

the reference signal correlation. In a general situation, the proposed decorrelators deliver

poor results. Studies on adaptive noise cancellation, in which the cancellation is focused

on electrical signal rather than acoustical wave, have shown that the reference signal

coupling in a multiple noise source environment degrades the control performance. A de-

coupling method was proposed to produce a new set of reference signals [5]. Parallel

adaptive filter structures along with sub-band approaches have also been applied to

adaptive noise cancellation. The results are shown to improve the ability to track non-

stationary noise process [6]. Recently, attention has been paid on the convergence rate as

well as the number of control coefficients for reference sensor selection [7] in a multiple

noise source environment.

The previous studies on MRANC are mainly focused on noise source

identification and reference sensor selection. An important issue remains unsolved, i.e.

when reference signals are correlated, the ANC system becomes ill-conditioned. An ill-

conditioned system usually results in slow convergence rate and high sensitivity of noise

attenuation to measurement contamination. In this paper, the problem of ill conditioning

has been analytically studied using a time domain analysis. A reference signal

preprocessing step using adaptive decorrelation filters is proposed and investigated using

simulations and experiments. It is shown that the preprocessing step significantly improve

the performance of the MRANC system when the reference signals are correlated.
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3. Time domain analysis

Figure 1 shows a typical MRANC system, in which there are M noise sources, K

reference sensors, one secondary source and one error sensor. Each reference signal is

fed into a different filter and the output of each filter is summed together to drive a single

secondary source. This structure for processing reference signals attempts to control the

primary noise from multiple primary paths with the secondary noise from multiple filters,

thus it enjoys the applicability in general situations and has been adopted by most

previous studies [2], [8]. Since the number of the secondary sources and error sensors is

chosen to be unity to simplify the analysis, spatial noise reduction effect is not a concern

in this paper.

Usually, reference signals are obtained through various sensors, and each

reference sensor may pick up signals from several noise sources passing through different

paths, as shown in Figure 3. As a result, the reference signals maybe correlated with each

other. The correlated part of these reference signals represents the common input to

different filters, which in turn generates the correlated outputs. The error signal at step k

can be written as

e(k) = d(k) + u(k)T(z) (1)

where T(z) is the Z transform of the error path. Here, no assumption is made about the

structure of T(z), it could be in the form of either IR or FIR filters, and u(k) is the

summation of all the filter outputs, given by

K K

"u(k) - "T(k)w, Wi= xi(k) (2)
i=1 i=1
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where wi and xi(k) are the weight vector and the tapped input vector for the ith filter

respectively. Suppose the filter length is M, then

Wi = WIi W2 , ... WMI,i (3)

xi(k)=[xi(k) xi(k-1) xi(k-2) .. xi(k- M+l1)]r (4)

Substituting equation (2) into equation (1) yields

K

e(k) = d(k)+XW T x1 (k)T(z) (5)
i=l

Defining the filtered reference signal as

ii (k) = x1 (k)T(z) (6)

the error signal can be rewritten as

e(k) = d(k) + WTr9(k) (7)

where W is a KxM vector formed by putting together all the control filter weight vectors

and ý(k) is another KxM vector formed by putting together all the reference signal

vectors, i.e.

W=(w'I W2 ' A Wk) (8)

9(k)=(ifrI(k) ifr 2(k) A ifrk(k)) (9)

The cost function is constructed as the mean square error signal, i.e.

= E[e2(k)] (10)

Substituting equation (5) into equation (10), the gradient of the cost function with respect

to the weight vector is obtained as

V=- S d 2E e(k) T CRue
LW dWJ
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=2E[d(k):Q(k)] + 2E[:Q(k )gT(k)]W

Setting the gradient to zero, the optimum weight vector is obtained by solving the norm

equation

RWo,,P =-_P 1

where

(A(k)JT1 (k) : 1T(k)JT2(k) A • 1(k)irT k(k)

R=E' (k)fMr(k) x 2(k)X T (k) A ' 2 (k) T (k)2)
M M M M 1

'k(k )i]T(k) ~k (k )j T
2 (k) A i~k(k )JTk(k))

(•2(k)d(k)

P=E M (13)

iT• (k)d(k))

Each term inside the above R matrix is a sub-matrix, and the matrix R is real, symmetric

and non-negative definite just like the R matrix in a single reference ANC system.

Therefore, the corresponding eigenvalues of the R matrix are also non-negative and real.

The characteristics of the R matrix are determined by the auto-correlation and cross-

correlation functions of the filtered reference signals. If all the reference signals are

uncorrelated with each other, every off-diagonal terms in the R matrix will be zero and

every optimum weight vectors, w1, w2, ... and Wk, are uncoupled. On the other hand, if

the reference signals are correlated, the condition number [9] of the R matrix may

become large, which implies that the MRANC system is ill-conditioned. This problem

becomes even more prominent when each reference signal is orthogonal, i.e. the auto-

correlation matrices inside the R matrix are diagonal.
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It is very important to understand perturbation theory [9] and its impact on the

development of an algorithm to solve the norm equation (11). The perturbation theory

states that if the matrix R and the vector P are perturbed by small amounts 5R and 8P

respectively, and if the relative perturbations, 11SRII/IIRII and 115PII/IIPI, are both on the

same order of e, where P << 1, then

118 W11 < Ez(R) (14)

1111 (4

where 8W is the change of weight vector W as a result of the perturbation from the

matrix R and the vector P, and x(R) is the condition number of the matrix R, and 11'11 is

the norm operator [101. The condition number describes the ill condition of a matrix.

Since the matrix R is real and symmetric, it can be shown [6] that the condition number

equals

m=kax (15)

where . and ýn are the maximum and minimum eigenvalues of the matrix R

respectively. This ratio is also commonly referred to as eigenvalue spread.

The perturbation theory states that if there are some errors in the matrix R or the

vector P caused by measurement or some other factors, the ill-condition of the correlation

matrix R may lead to a weight vector solution W which is far from the optimum Wiener

solution W0op, due to the problem of ill condition. In other words, the ill condition of the

correlation matrix R causes the optimum Wiener vector to be very sensitive to various

measurement contamination. The measurement contamination may be resulted from A/D

and D/A conversion, transducer error, finite precision error, non-linearity and etc.
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On the other hand, the eigenvalue spread of the matrix R has a significant impact

on the convergence rate of an ANC system, especially when the LMS based algorithm is

applied [2]. An important factor that determines the eigenvalue spread is the cross-

correlation among the reference signals. The cross-correlation becomes even more

dominant when each reference is an orthogonal signal. In particular, if the reference

signal xi is correlated with the reference signal xj, the ith and jth columns in the R matrix

will exhibit some similarities, which results in large eigenvalue spread. Upon the

extreme circumstance when any two reference signals are the same, the determinant of

the matrix R becomes zero, and the eigenvalue spread approaches infinity. In this case,

the ill-conditioned system deteriorates to an underdetermined system since the solution to

the ANC system is not unique.

4. Preprocessing of reference signals

As discussed in the last section, it is desirable to have uncorrelated reference

signals. In the present work, this is achieved through the use of decorrelation filters in a

reference signal preprocessing stage. The preprocessing constructs a new set of reference

signals, which preserve all the information of the original reference signals, but are

uncorrelated with each other. Such a step essentially causes all the off-diagonal blocks in

the R matrix to be zero, thus eliminating the ill-conditioning problem due to the cross-

correlation among reference signals.
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According to the orthogonal theorem of adaptive filter theory, when an adaptive

filter shown in Figure 4 is running as an optimum Wiener filter, the error signal is

uncorrelated with the reference signal, i.e.

E[x(k-i)e(k)]w=w,, =0 i=0,1,2,A M-1 (16)

where x is the reference signal, e is the error signals, and M is the number of filter

coefficients. Based on the orthogonal theorem, adaptive decorrelation filters can be

constructed as shown in Figure 5, in which two correlated reference signals are processed

by a couple of adaptive filters to generate two uncorrelated reference signals. For the

upper filter A, the reference signal is 1" , and the error signal is 3F2. Thus, the orthogonal

relationship is expressed as

=[1,(k--i) )A 0 i=0, 1,2,A M-1 (17)

where M is the number of filter coefficients corresponding to filter A. For the lower filter

B, the reference signal is 1 2 , and the error signal is .Y,. Thus, the orthogonal relationship

is expressed as

E[=,(k-i)5(k)] =op' =0 i=0,1,2,A M-1 (18)

where M is the number of filter coefficients corresponding to filter B. It is important to

note that the degree of decorrelation between the reference signal and the error signal

depends on the number of filter coefficients. Ideally, an infinite number of filter

coefficients is needed to decorrelate the two reference signals. However, since the

objective of applying decorrelation filters is to diagonalize the matrix R, it is easy to

show that the two transversal filters in the decorrelation filters should have the same
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number of coefficients, and the number of coefficients M should be the same as the

number of the control filter coefficients.

It should be noted that the first two coefficients ao and bo in the filters A and B are

redundant, since both of them are trying to achieve

E[ 2" (k)Y" (k)] = 0 (19)

This is an over-determined case, which gives infinite solutions to ao and b0 . A practical

approach is to force either ao or bo to be zero. Using the LMS algorithm and assuming

that first coefficient bo is set to be zero, the uncorrelated reference signals 3F, and •2 can

be obtained as

M

11(k)=x,(k)+ 5,- 2 (k-i)bi(k) i= 1,2,A M-1 (20)
i=l

bi (k +1) = bi(k) -11X2(k -i)Yj (k) i= 1, 2,A M-1 (21)

"Y2(k)=x2(k) +I,5E(k - i)a(k) i=0,1,2,A M-1 (22)
i=O

a (k +1)=a,(k) - (k - i)'2(k) i=0, 1,2,A M-1 (23)

The above decorrelation techniques have been reported to achieve signal separation and

restoration of original signals [11], [12]. In these applications, assumptions on the

relationship between source signals and input signals have to be made, and also required

are some assumptions on the statistical properties of source signals. In the pre-

processing, the reference signals are assumed to be wide sense stationary, however, the

relationship between noise sources and reference signals is not important. A

decorrelation structure for K reference signals is shown in Figure 6.
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The correlation matrix R'of decorrelated reference signals is generally not strictly

diagonal, but block-diagonal, since each term inside the matrix is a sub-matrix. Although

the eigenvalue spread is generally smaller after the preprocessing with the decorrelation

filters, it is not guaranteed at every situation. In particular, if the cross-correlation terms

are much smaller than the auto-correlation terms in the matrix R, the decorrelation

preprocess may not improve eigenvalue spread at all. However, if reference signal is

orthogonal, which implies that each diagonal sub-matrix inside the matrix R is diagonal,

then the decorrelation process will definitely improve the eigenvalue spread. A potential

approaches to achieve this is to combine decorrelation process with lattice structure based

FIR filters [ 13], [14] or frequency-domain block algorithm [ 15] [16].

5. Experimental setup

In a complicated ANC system such as an aircraft cabin, the fuselage may generate

noise due to directly applied structural forces as well as acoustical pressure fluctuations.

The setup shown in Figure 7 gives consideration to these two types of excitations. As

shown in Figure 7, there are two disturbance sources, one secondary source and one error

microphone for the plate system. The plate has dimensions of 0.381 m long and 0.305 m

wide and is mounted in a heavy steel frame, which produces negligible rotation and

displacement of the boundary, approximating clamped boundary conditions. The steel

frame is mounted in a rigid wall with one side facing toward a reverberation chamber and

the other side toward an anechoic chamber. The plate is excited by two distinctive noise

sources; one is the acoustical disturbance from a large speaker, while the other is the
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structural disturbance from a piezoelectric transducer (PZT #1) mounted on the plate.

The secondary control source acting on the plate is another PZT (PZT #2). The positions

of the PZT's are selected such that any plate mode of order (4,4) or less can be excited as

shown in Table 1. The error sensor is a microphone located in the direction

approximately perpendicular to the center of the plate. The goal of the control is to

minimize the total radiated sound at the error microphone.

The block diagram showing the various elements for the experiments is presented

in Figure 8. The heart of the system is a TMS320C30® DSP board, which is used to

implement the preprocessing and control algorithms. The A/D and D/A conversions are

carried out through two additional I/O boards, which provide 32 input channels and 16

output channels. The DSP board along with two associated I/O boards is plugged into a

PC. A graphical user interface (GUI) running under the host PC is provided to adjust

various control parameters and display DSP data. Since the disturbance signals generated

within the DSP are digital in nature, they are transformed into analog signals through D/A

converters to drive the primary noise- sources (speaker and PZT #1). Similarly, the control

signal is also transformed into analog signal through D/A converters to drive the

secondary source (PZT #2). Since the frequency range for the experiments is selected to

be below 400 Hz, all the signals are low-pass filtered so that the frequency components

above 400 Hz are negligible in order to avoid alias. In addition, since the signals

generated within the DSP have very small power, in order to drive the speaker and PZTs,

they are also fed into power amplifiers. It should be noted that the signal from the error

microphone is fed into a high-pass filter to eliminate the dc signal drift.
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The controller is based on adaptive FIR filters, and the number of coefficients for

each FIR filter is selected to be 128. The error path between the secondary source (PZT

#2) and the error sensor is also modeled with a FIR filter, and the same number of

coefficients is used. The frequency range of the noise field is selected to be below 400

Hz. These parameters are selected based on the computational limit of the DSP, since

increasing frequency range generally requires more filter coefficients to get satisfactory

results, which in turn requires more computations.

Two random signal generators were used to produce two independent noise

sources, and the reference signals were obtained indirectly from the two noise sources.

The relationship between the reference signals and the noise sources is shown in Figure 9.

The first reference signal rl is exactly the same as the first noise source signal ni. The

second reference signal r2 is the combination of the second noise source n2 and the first

noise source n, filtered through a band-pass filter, that is

r, (k) = n, (k) (24)

r2 (k) = C. *n 2(k)+ n,(k)H(Z) (25)

where Co is a constant. The two' uncorrelated noise source signals, n, and n2, are

uniformly distributed between -1 and 1. The cut off frequencies for the band pass filter

H(z) are selected to be 160 Hz and 320 Hz. A FIR filter with four coefficients is used

here to implement the band pass filter. The windowing method is adopted to design the

band pass FIR filter and the resultant four coefficients vector is {-1.009, 6.875, 6.875, -

1.0091. Thus, the two reference signals in equations (22) and (23) are correlated due to

the common contributions from noise source ni, and their correlation function can be

varied if a different constant Co is selected.

J. Sound Vibration Y. Tu, C.R.Fuller 14



The decorrelation filters are implemented with fixed Wiener filters instead of adaptive

filters since the correlation between the reference signals is time invariant. In this

particular case, the requirement for the decorrelation filter is to remove the component in

the reference signal r2, which is correlated with the reference signal rl. The weight vector

for the decorrelation filter A is calculated as { 1.025, -6.888, -6.863, 1.0031, and the

weight vector for the decorrelation filter B is a zero vector.

Corresponding to each selected constant Co, computations are carried out to obtain

the correlation matrix R for the reference signals, the decorrelated reference signals, the

filtered reference signals, and the decorrelated filtered reference signals. Based on the

correlation matrix, the corresponding eigenvalue spread is also computed and the results

are shown in Table 2. It is clear that the eigenvalue spread of the reference signals is

smaller after it is processed through the decorrelation filter. In fact, the convergence

speed is determined by the filtered reference signals instead of the reference signals for

the Filtered-X LMS (FXLMS) algorithm. Thus, in order to improve the convergence

speed, the eigenvalue spread for the filtered reference signals must get smaller as well.

This requirement is indeed satisfied -since, although decorrelation is only applied to the

reference signals, the correlation between filtered reference signals is also affected. It is

also interesting to note the eigenvalue spread for the filtered reference signals is much

larger than that for the reference signals. This is due to the stretching effect of the error

path.
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6. Experimental results

If the reference signals are preprocessed through the decorrelation filter, then the

FXLMS algorithm is referred to as the DFXLMS algorithm. In order to examine the

effect of the decorrelation filter on improving the convergence speed, the conventional

FXLMS algorithm was first applied. After letting the controller weight vectors converge

for 30 seconds, the convergence process was frozen. Then the power spectral density of

the error signal was measured. Next, the DFXLMS algorithm was also applied, the

power spectral density of the error signal was also measured after 30 seconds of

convergence time. The results, shown in Figure 10, indicate that 9.0 dB noise reduction

was achieved with the DFXLMS algorithm, while only 5.3 dB noise reduction with the

conventional FXLMS algorithm.

In order to measure the learning curve, the convergence process of the FXLMS

algorithm or the DFXLMS algorithm was started with a small convergence parameter,

and the error signal power at 5, 10, 15, 25 ... and 360 seconds were measured. These

values representing the power of the error signal form the learning curves as shown in

Figure 11. The results indicate that the DFXLMS algorithm converges about three times

faster than the FXLMS algorithm and the improvement of the convergence speed is in the

same magnitude as the improvement of the corresponding eigenvalue spread. It is

interesting to note that the error signal power for the DFXLMS is still larger than that for

the FXLMS algorithm after 360 seconds. This is not only due to very long convergence

time needed for the error signals to reach steady state, but due to various measurement

errors (e.g. A/D and D/A conversion, non-linearity, finite precision) introduced in the

experiment.
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In order to investigate the impact of measurement errors. a simulation based on

the same experimental setup was carried out using the approach outlined in the

companion paper. The frequency response functions (FRF) of the two primary paths

(from the speaker through the plate to the error microphone and from the PZT #1 to the

error microphone) and one error path (from the PZT #2 to the error microphone) were

measured with a B&K 2032 digital signal analyzer. The frequency response functions

were fitted with FIR filters using the least square method [17]. Based on the FIR models,

the learning curves of the two algorithms can be obtained through calculation. The

results, shown in Figure 12, show the same tendency that the convergence speed of the

DFXLMS algorithm is about three times as fast as that of the traditional FXLMS

algorithm. However, after 6 minutes of convergence, the power of the error signal

without the DFXLMS algorithm is very close to that with FXLMS algorithm since the

simulation is free from various measurement errors caused by A/D, D/A converters,

transducers, non-linear components and many other ANC elements. These simulation

results, as compared to the corresponding experimental results, clearly indicate that the

DFXLMS algorithm is effective to improve the noise reduction amount when there is

noise on the measurement of signals.

7. Conclusion

The optimum solution of a multiple reference feedforward active noise control system has

been obtained in time domain. It was particularly noted that if the reference signals are

correlated, the corresponding system would be ill-conditioned, which results in slow
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convergence speed and high sensitivity to measurement errors. A decorrelation approach

has been constructed for preprocessing reference signals based on the Wiener filter theory

and Gram-Schmidt orthogonalization theorem. Experiments based on sound transmission

through a vibrating plate has been conducted, and the results demonstrate the

effectiveness of the decorrelation approach to improve both the convergence speed and

steady state error.

8. Acknowledgments

The authors gratefully acknowledge the support of this work by the office of Naval

Research under the Grant ONR N00014-94-1-1140, Dr. Kam Ng Technical Monitor.

J. Sound Vibration Y. Tu, C.R.Fuller 18



Noise sources

O Primary noise d

1 n2 n\ P,(W)::

xl •~Filter 1k T

Filter 1 Error e

Figure 1. Multiple reference multiple input (MRMI) system.
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Figure 4. An adaptive transversal filter.
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Figure 5. An adaptive decorrelation filter.
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Figure 8. Block diagram of the various elements for the experiments.
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Figure 10. Spectrum of error signal after 30 seconds convergence time.
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Figure 12. Comparison of learning curves based on simulation.
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Table 1 Excited modes and measured natural frequencies of the clamped plate.

Mode (1,1) (2,1) (1,2) (2,2) (3,1)

Frequency (Hz) 115 201 265 342 350
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Table 2 Eigenvalue spread versus correlation

Co Reference Reference Filtered reference Filtered
signals without signals with without reference with
decorrelation decorrelation decorrelation decorrelation

1.0 17.7 3.2 8.4x 106  2.3x 105

0.5 48.2 3.4 2.9x 106  3.1xlO5

0.2 242.5 3.0 1.1x10 7  2.2x 105
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